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Summary 
Present day radio frequency systems have advanced into the millimeter-wave regime of the 
electromagnetic spectrum. This progression has been encouraged by the need for systems 
supporting Wireless Local Area Networks (WLANs), automotive radars and radiometric 
imaging. These emerging technologies depend on circuits that operate on smaller wavelengths 
and present a new set of design and manufacturing challenges. Traditionally these systems 
would have depended entirely on Monolithic Microwave Integrated Circuit (MMIC) 
technology, which offer low parasitics, and a high-resolution in the fabrication of circuit 
components. MMIC technology does however have disadvantages in terms of cost, which is 
dependant on the quantity produced, and in terms of circuit performance as it has a single 
semiconductor material dictating the performance of the entire circuit. 
It is proposed that a hybrid approach be used to address these issues, with passive circuitry 
realised on a more economical substrate, and active devices subsequently integrated. When 
adopting such a strategy the type of interconnects used becomes a primary concern. It will need 
to provide low-loss transmission with accurately predictable propagation characteristics. These 
criteria are readily met by Substrate Integrated Waveguides (SIWs); finthermore, this 
transmission line topology can be used to realise a variety of circuit components. Using a multi- 
layer process and photoirnageable thick-fihn materials waveguides, filters and antennas are 
fabricated to demonstrate this concept. 
The designed components are targeted to operate at frequencies associated with systems 
operating in the millimeter-wave regime. Exceptionally good performance is achieved for 
waveguides and filters operating at these frequencies, up to 180 GHZ. In addition to low-loss 
transmission, the characteristics of these components sit in good agreement with predicted 
results. The work presented in this thesis is a first for components fabricated using thick-film 
technology operating at the given frequencies. 
Key words: Antennas, Ceramics, Filters, Millimeter-waves, Substrate Integrated Waveguides, 
and Thck-fihn technology. 
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Chapter 1 
1 Introduction 
1.1 Motivation 
Already having exploited the microwave and ir&ared (IR) regimes of the electromagnetic 
spectrum, interest developed in the millimeter-wave regime is merely a course of natural 
progression. Millimeter-waves can be defmed as the band of frequencies that exist between 
30 GHz and 300 GHz (Fig. 1.1). The term 'microwave' is often used as a broad definition of 
frequencies ranging from 300 MHz upwards to 300 GHz [I]. 
Interest in the development of millimeter-wave systems is pursued not only to meet the ever- 
increasing needs of global communications, as the applications of millimeter-wave 
technology extend much further. Millimeter-wave systems have demonstrated their potential 
for use in areas such as; flight safety, law enforcement, automotive radars and the monitoring 
of climate change. Present day development of millimeter-wave circuits remains mainly in the 
domain of monolithic fabrication techniques. Monolithic Microwave Integrated Circuit 
(MMIC) fabrication processes are capable of producing circuits with low parasitics, due to 
their 'monolithic' nature. Also, the strict dimensional control maintained over the fabrication 
process yields excellent circuit reproducibility. 
1 
Frequency (Hz) 
3x 10' 3x 10" 3x 10' 3x 10' 3x 10' 3x 10 3x 10" 3x 10'2 3x 10" 3x 10" 
MF to VHF UHF to EHF Far Infrared Infrared Visible 
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w 75- 110 
D 110- 170 
G 140 - 220 
Figure 1.1 Electromagnetic spectrum and millimeter-wave band designation III 
However, MMIC production is costly, and only becomes economical when produced in large 
quantities. The production process is lengthy and can have a turn around time of 
approximately 3 months. In addition to this, MMICs have a disadvantage of having a single 
semiconductor material dictate the characteristics of all the active devices in the circuit. These 
factors are definite drawbacks if one were to consider the practicalities of producing 
commercially viable millimeter-wave systems. 
This shortcoming was recognised by Robertson [2], who suggested that a cost advantage 
could be drawn if yield was increased by producing more active devices per wafer, and 
passive components such as matching networks, filters, and antennas be realised using a more 
economical fabrication process. All the components required for a working circuit can then be 
integrated on a cheap substrate. This would give the design engineer an added advantage of 
being able to chose the best discrete components to per-form a given task (e. g. Low-Noise 
Amplifier, Power Amplifier). The recommendation suggests that the traditional Microwave 
Integrated Circuit (MIC), which is a hybrid of discrete active devices and passive components 
mounted on a single substrate, is the course to be taken if such circuits are to be made 
available economically and with a quick turn around. 
2 
MICs are simple to assemble and offer multi-layer circuit topologies. The production of MICs 
also has a much shorter turn around (approximately I week), this permits re-work as being a 
viable option, should it be required. The setting up of an MIC fabrication line requires very 
little capital investment, as opposed to that of an MMIC facility which need to produce at 
least 500,000 circuits per month to justify the investment in essential assembly and test 
equipment. Apart from the capital investment required, the tooling cost for design and 
artwork of MMICs is about f 16,000, and that of thick-film circuits are significantly lower at 
approximately E500 [3]. However, while MIC devices offer several advantages, they are 
often worse off in terms of power handling capabilities and loss. The integration of external 
components also results in increased parasitics within the circuit. The fabrication techniques 
employed often produce less well defined interconnects than that of an MMIC process. 
However, if some of these issues can be taken as trade-offs, while improvements are made in 
the areas of signal attenuation, and production cost, millimeter-wave integrated circuits could 
become more commercially attractive. 
The main issue that needs to be addressed is the form of interconnects used. A suitable 
method of connecting the discrete devices on the substrate has to be decided upon. The 
method adopted must be able to operate at millimeter-wavelengths, providing low signal 
attenuation, and have a propagation characteristic that is accurately predictable. The loss 
introduced by the transmission line used is an important factor that needs to be examined. A 
useful example of this is illustrated in a common issue of millimeter-wave circuit design, 
where there often exists a need for the generation of a Local Oscillator (LO) signal. 
Generating this signal at lower frequencies is rather straightforward, however as one moves 
higher up the spectrum the situation becomes more complex. It is common practice to 
generate the signal at lower frequencies and then multiply upward to the desired LO 
frequency. When adopting such an approach, the designer often uses multiple sources and 
employs a power combiner to attain the desired output power level. The losses introduced by 
the interconnect for such a purpose must not be so significant as to defeat the circuit's 
intended objectives. Additionally, in some applications issues relating to the size and weight 
of the circuit will be of interest. This can be addressed by ensuring a high packaging density, 
and to facilitate this, the interconnect must be able to provide good isolation. Issues pertaining 
to cross-talk and radiation losses must be addressed. 
3 
Finally, accurate modelling of circuit performance must be achievable using established 
methods and commercially available packages. Dispersion in conventional planar 
transmission lines has a strong dependence on the tolerances introduced by the fabrication 
process. The unconfined nature of their propagation (i. e. existence of field in air and 
dielectric) makes them dispersive and difficult to model at millimeter-wavelengths. 
Traditionally, rectangular waveguides have been depended upon in millimeter-wave 
applications where low attenuation has been of critical importance. In addition to their 
superior loss performance, they also offer lower dispersion and higher power handling 
capabilities when compared to conventional transmission lines. However, they are bulky and 
do not lend themselves easily to integration with planar circuitry. Also, at millimeter- 
wavelengths, their small dimensions and strict requirements on fabrication tolerances result in 
increased production costs. Nevertheless, they are still turned to in high performance 
applications, such as in satellites and in precision measurement systems. 
0.20 
0.16 
0.12 
Attenuation 
(dB/mm) 
0.08 
0.04 
0.00 
-------------------- ----------- 
L ---------- 
L-- J-- -- - -- - -- 
-- -- - -- - --- - -- - -- --------- 
- Rectangdar Waveguide 
-- -- - -- - -- - Microstrip 
- Coplanar Wavegaide 
75 79 84 88 92 97 101 106 
Frequency (GHz) 
Figure 1.2 Attenuation of common transmission lines at W band (simulated) 
110 
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The attenuation of the three most common forms of transmission lines is modelled across the 
W band range of frequencies and shown in Fig. 1.21. The rectangular waveguide has the 
lowest loss a<0.01 dB/mm, however it is generally unsuitable for integration with planar 
circuitry. Also, to achieve such a low loss, precision machining is required to produce a guide 
with extremely low surface roughness of the guide walls (P, < 12 Pm, at millimeter- 
wavelengths) [4]. The results in Fig. 1.2 all depict ideal models, surface roughness of the 
conductors is not taken into account, and one can expect practical measurements of the three 
transmission lines to be significantly higher. 
The attenuation experienced by the microstrip and coplanar waveguide (CPW) is far greater 
than that of the rectangular waveguide. This is due to the fact that the two planar transmission 
lines need to contend with dielectric losses, high ohmic losses, and radiation losses. The 
situation is aggravated at higher frequencies by two very practical design concerns. Firstly, as 
the operating frequency increases, current distribution intensifies along the conductor edges 
of the microstrip and CPW. Irregularities present along the fabricated track result in ohmic 
and radiation losses. Secondly, substrate thickness needs to be kept at a minimum so as to 
ensure that higher-order substrate modes are not excited. In reducing the thickness of the 
substrate, line widths are often reduced so as to maintain the transmission line impedance (50 
fl), which results in a further increase of ohmic losses. Another problem presented by the two 
planar transmission lines is the poor isolation they offer. 
The work presented in this thesis addresses issues related to the development of a suitable 
planar transmission line that can be fabricated using a straightforward and economical 
process. The characteristics of which can be modelled using existing methods of analysis. The 
potential of the proposed configuration will be demonstrated by measurements presented on 
fabricated waveguides, waveguide filters and antennas, all of which operate in the millimeter- 
wave band. 
1 The rectangular waveguide is a standard W band guide using a wall conductivity of 4.1 X 107 S/M. 
The microstrip and CPW are 50 C1 lines, on a 250 pm. substrate having an assumed tan 8 of 0.0025, and 
conductor conductivity of 4.1 X 107 S/M 
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1.2 Technology Review 
In recognising the need for systems operating in the millimeter-wave regime, researchers have 
undertaken a significant amount of work to address the concerns mentioned. Some of the 
solutions arrived at have been based on extensions of existing forms of transmission lines and 
some have been truly novel ideas. 
To reduce the effects of dielectric loss on the microstrip line an "Air-buried microstrip line' 
(ABMSL) was introduced using a multilayered fabrication process [5]. The ABMSL is a strip 
transmission line supported by dielectric posts positioned at 700 pm intervals along its path, 
with ground walls on both sides and below the transmission line. The experimental structure 
was fabricated on a glass substrate by first forming a lower ground plane and posts for 
support. The middle ground wall and strip conductor layers are subsequently formed. Finally, 
an upper ground wall is formed and sacrificial layers are removed. Theoretically, the 
transmission line has low dispersive characteristics and negligible levels of dielectric loss as it 
essentially uses air as a dielectric. An extremely low insertion loss of 0.05 dB/mm, was 
achieved for frequencies up to 25 GHz, however this measurement held true only for a line of 
particular dimensions. The measurements also showed that a 5pm change in the conductor- 
ground gap spacing resulted in progressive deterioration of the insertion loss (0.15 dB/mm. ), 
beyond 25 GHz. The transmission line has a strong dependence on the fabricated dimensions 
of width and gap spacings as can be observed in the insertion loss performance for changes 
between 10 pm and 20 pm. It is sensible to expect this dependence to increase above 40 GHz, 
resulting in a further deterioration of performance. Additionally, due to its unique structure, 
integrating this configuration with other circuit elements will inevitably pose a problem. 
Hence, although low-loss performance has been demonstrated at the lower millimeter-wave 
frequencies, this configuration does not present itself as a particularly attractive option as a 
circuit component at the higher millimeter-wave frequencies. 
The coplanar waveguide was first invented and reported upon by Wen [6] who saw a need to 
have shunt connections formed on the same layer metallisation. The basic structure of the 
CPW has also been investigated for use in the millimeter-wave regime. Researchers 
employing micro machining techniques introduced configurations such as the "Elevated 
CPW" and "Overlay CPW" [7] in an effort to reduce substrate dielectric losses by minimising 
contact between the conductor and the dielectric. These lines have an 'overhanging' structure 
with the conductor edges separated from the substrate, this is achieved by incorporating a 
sacrificial layer in the fabrication process. This concept was further exploited and brought 
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about the "Inverted Overlay CPW" [8], which reported an insertion loss of 0.1 - 0.2 dB/mm 
up to 110 GHz. However, it is difficult to attribute the level of insertion loss solely to the 
transmission line configuration, as the conductor deposition was performed by means of a 
well-controlled electroplating process. This yielded an r. m. s surface roughness that was less 
than 0.061 ýtm, and would have undoubtedly contributed to an improvement in signal 
attenuation. Such precision is not easily achievable, especially if one were considering an 
economical fabrication process in an industrial environment. 
Center conductor 
Iz 
I t., ircuit waier 
Metalised carrier 
Membrane 
wafer 
layer Air filled cavity 
Figure 1.3 Microshield line IIII 
A novel idea proposed was the microshield line [9,10] (Fig. 1.3). The configuration directly 
addressed issues causing dielectric losses and dispersion due to the quasi-TEM nature of wave 
propagation as is experienced in the microstrip and CPW lines. The transmission line 
structure is suspended on a thin dielectric membrane (-1.5 ýtm) and uses air as the primary 
dielectric, with the intention of reducing loss and dispersion. Apart from low propagation 
losses, an interesting aspect noted in the measured results was the effective dielectric 
constant, which maintained a value of 1.08 across the W band range of frequencies [11,12]. 
This confirms that the amount of energy confined in the membrane layer is insignificant, 
hence losses associated with the dielectric, and dispersion related to the dielectric/air interface 
had been eliminated. The true potential of this transmission line for operation in the 
millimeter-wave regime was shown with the development of a bandpass filter operating at 
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250 GHz having a measured passband insertion loss of 1.5 dB [ 131. Although the filter had a 
relative bandwidth of 58% the result achieved is remarkable when one considers the 
frequency of operation. 
However, to achieve this exceptional performance, a tedious fabrication process had to be 
undertaken. Firstly a 1.5 pm membrane layer had to be etched from a 350 pin silicon wafer 
(etch rate 1.2 pm/min), next the patterning of the required conductor traces had to be carried 
out. Also, the fragility of the membrane layer leads one to question the possibility of this 
configuration receiving widespread commercial acceptance. It is reasonable to conclude that, 
although displaying exceptional performance, such a configuration will be limited to the 
confines of research laboratories for some time to come. 
Another candidate considered for planar integration at millimeter-wave frequencies is the 
diamond waveguide. It has the advantage of propagating energy in an air-filled metallic 
enclosure and can be realised for planar integration [14]. Experimental results presented on 
such a transmission line, fabricated with a coplanar transition for on-wafer probing showed W 
band losses between 0.44 and 0.48 dB/mm for the waveguide structure with integrated 
transitions. Similar to the other transmission lines discussed, the disadvantage presented by 
this structure is the requirement of a well-controlled etching process to accurately define the 
etched groove in the carrier substrate. In addition, precise aligrunent between the upper and 
lower carriers had to be maintained to ensure low loss propagation. 
In deciding that the best contender for millimeter-wave transmission line was the air-filled 
waveguide, researchers from the Universities of Leeds and Nottingham collaborated to 
fabricate a reduced height (b = 100 pm, at W and G bands) air-filled rectangular waveguide, 
using an 8-stage micro machining process [15]. In addition to the waveguides, hom antennas 
were also fabricated using the same process, and results presented. The encouraging results 
achieved suggested that the process could be extended to fabricate components operating in 
the sub-millimeter-wave range of frequencies. Unfortunately, the fabrication process involved 
multiple stages of evaporation, photoresist exposure, and etching which does not make it 
suitable for large-scale production, or economical. 
The final transmission line configuration examined is the dielectric filled metal waveguide. It 
was first introduced with the intention of reducing the size of waveguides while maintaining 
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their power-handling capacity for use in radar systems [161. The relative permittivity of the 
dielectric filling results in a proportional reduction in waveguide dimensions. However, as 
dielectrics tend to have a higher breakdown voltage than air, the power handling ability of the 
waveguide is not compromised with reduction in waveguide dimensions. Substrate Integrated 
Waveguides, (SIWs) were next considered as a means of cost and space reduction in 
integrated circuits and introduced by Hinken [ 17]. 
Worldng on a similar concept, Lucyszyn et aL [ 18] successfully demonstrated use of a SIW to 
operate at millimeter-wavelengths. The waveguide was fabricated using silicon dioxide (Si02) 
and a silver conductor on a process compatible with modem foundry processing. The 
measurements showed the waveguide to have an insertion loss exceeding 20 dB at millimeter- 
wavelengths (W band). This was not an encouraging result, however, when one considers the 
height of the waveguide (b =4 pin), conductor losses would dominate and such attenuation is 
to be expected. This demonstrated that rectangular waveguides could be used for planar 
circuit integration, but a substantial increase in the guide height would be needed to reduce 
losses. 
Uchimura et aL [ 19] made a step in such a direction with their introduction of the "Laminated 
Waveguide". The dielectric structure of the waveguide was built up using low-temperature 
co-fire ceramic (LTCQ tape, and the sidewalls formed using metalised via-holes. The authors 
also proposed the potential of these waveguides to be used as basic circuit units, (e. g. antenna 
feeds, couplers and power dividers). 
In concluding this section, the work done by Deslandes and Wu [20] on Substrate Integrated 
Waveguides (SIW) is discussed. He first demonstrated the integration of a microstrip and a 
dielectric filled waveguide in planar form. This simple but effective transition allowed planar 
waveguides to be integrated with other circuit elements. Subsequent work by the authors also 
demonstrated the possibility of using these waveguides as array antennas, power-combiners, 
and cavity filters [21-23]. Most importantly, all the work was done using low-cost 
commercially available substrates. These results demonstrated the potential for dielectric 
filled waveguides to be used as practical circuit components. However, the requirement of 
using metalised via-holes in the fabrication process meant that all of the work done was 
limited to frequencies below 30 GHz. The minimurn achievable via-to-via spacing of the 
process results in increased leakage and attenuation at the shorter wavelengths. 
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1.3 System Review 
There is a great deal of interest in systems currently being developed in the millimeter-wave 
regime of the electromagnetic spectrum. In this section a brief description of some of these 
systems is presented. Each of these systems operates at specific frequencies that are of interest 
to scientists and researchers worldwide, the reasons for which are discussed. Components 
designed in subsequent chapters are centred on these specific frequencies so as to demonstrate 
the feasibility of the approach taken. 
Most of the systems developed are based on the propagation characteristics of millimeter- 
waves in the atmosphere. Electromagnetic waves propagating through the atmosphere are 
subject to attenuation, which can simply be expressed as a function of Friis power 
transmission equation [24]. However, above 10 GHz, propagating waves are subject to 
absorption by various constituents, including water, oxygen, nitrogen, carbon dioxide and 
ozone [25]. This results in there being a series of absorption lines and transmission windows 
which exist across the electromagnetic spectrum, of which those that exist in the millimeter- 
wave regime are of interest to us. 
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Figure 1.4 Atmospheric absorption lines and transmission windows 1251 
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1.3.1 Remote Sensing Radiometers 
Remote sensing radiometers are used to gather data on the earth's atmospheric profile. The 
H20 absorption lines that occur at 22 and 183 GHz provide vital information on the 
characteristics of clouds. Scientists studying these characteristics are better able to understand 
the effects of climate change [26]. 
The sensors used to gather data on the absorption lines are either satellite based, ground 
based, or mounted on an airborne platform. The Advanced Microwave Sounding Unit 
(AMSLD is an example of a satellite-based system. The system was implemented in two parts 
as the AMSU-A, and -B. The AMSU-B is a 5-channel receiver with three channels dedicated 
to the water vapour resonance line at 183 GHz [27,28]. The National Polar-orbiting 
Operational Environmental Satellite System (NPOESS) Aircraft Sounder Testbed - 
Microwave (NAST-M) is another system presently being used to monitor the water vapour 
line. The NAST-M system operates from a pod mounted under the fuselage of a high-altitude 
aircraft which cruises at altitudes exceeding 16,000 rn [29]. In addition, ground based 
systems are used to monitor conditions in the artic, it has been leamt that the 183 GHz 
absorption line is about 100 times stronger than that of the 22 GHz line, and is able to provide 
accurate readings during the coldest and driest months experienced in the region [30]. 
1.3.2 Passive Millimeter Wave Imaging 
This is the process by which the natural emissions of a body are exploited to form an image. 
The image is formed by means of millimeter-wave sensors operating on the transmission 
window occurring at 94 GHz. Systems employing IR sensors have been developed in the past, 
however, the presence of fog, snow or cloud results in severe attenuation of the IR wave, 
imposing limits on system operation. However, it should be noted that IR sensors are capable 
of producing extremely high-resolution images, due to their small operating wavelengths. 
Nevertheless, millimeter-wave imaging systems have the advantage of being independent of 
external factors such as weather and visibility conditions, and can operate equivalently well in 
bad weather, day or night. 
Passive millimeter-wave (PMMW) imaging relies on two important features. The first is that 
the radiometric signature of a metallic object is very different from that produced by natural 
and other backgrounds. Multiplying an object's physical temperature by its emissivity defines 
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the radiornetric signature of the object [25]. Objects reflect and emit radiation in the 
millimeter-wave regime, just as they do in the IR and visible regimes. The degree to which an 
object reflects or emits is characterised by the emissivity of the object. A perfect radiator 
(absorber) has an emissivity of 1 and is known as a blackbody. A perfect reflector (non- 
absorber) has an emissivity of 0. The ernissivity of an object (which is polarisation dependant) 
is a function of the dielectric properties of its constituents, it surface roughness, and the angle 
of observation. The second factor is in part due to the characteristic already defined, that, in 
PMMW imaging, the clutter variability is much less than in other sensor images. PMMW 
imaging systems have been outlined as having potential to perforrn the following [25]: 
o Aircraft Landing and Guidance Systems 
* Reconnaissance and Surveillance Operations 
9 Concealed Weapons Detection 
1.3.3 Automotive Radar 
Another application designated for use in the millimeter-wave spectrum is that of automotive 
radars. In the past various ideas had been developed to incorporate radar technology with 
cars, but the modules were either too bulky or expensive for mass production [31]. The 
operation of vehicle radars set at 77 GHz ensures sufficient atmospheric attenuation, 
preventing multiple system interference. In addition, using a frequency within the millimeter- 
wave band ensures reliable operation in rain, fog and snow, which gives it an advantage over 
competing technologies. Commercially available automotive radars are expected to aid the 
driver in the following areas [32]: 
" Navigation 
* Collision Warning 
9 Cruise Control 
o Airbagpre-crash sensing 
o 'Stop and Go'Functionality 
9 ParkingAid 
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1.3.4 Wireless Communication Networks 
The fmal application being presented has been allocated a bandwidth between '5 -7 GHz, 
centred on 60 GHz for the purpose of Wireless Local Area Networks (WLAN). A continuous 
block spectrum set aside by the Federal Communications Commission (FCC) has been 
designated 'unlicensed', meaning an operator would not be required to obtain a license from 
the FCC before operating equipment using those frequencies. Unlicensed operation was 
previously made available at lower frequency bands with only 0.3 GHz of bandwidth [33]. 
The millimeter-wave spectrum has been largely unexploited for commercial wireless 
applications. In addition to the high data rates that can be accomplished in this spectrum, the 
presence of the 02 absorption line at 60 GHz makes possible other benefits. 
The 02 absorption line causes significant attenuation (10-15 dB/lan) to the propagating wave 
as it travels over a distance [34]. This particular absorption is insignificant for short-range 
links, however, over a long range, path loss and wall attenuation are beneficial as it improves 
frequency re-use and minimises interference with other systems. This characteristic makes it 
attractive for dense local communications. Also, as operation is at a millimeter-wave 
frequency, more directive radiation patterns can be obtained for a given antenna footprint. 
The bandwidth allocation, attenuation characteristic, and operating frequency make it ideal 
for the development of 4h generation WLANs, which will offer high-speed Internet, data, and 
voice transmission over secure networks. 
2 Band allocation centred around 60 GHz differ slightly for North American, European, and Japanese 
standards. 
13 
1.4 Approach 
In this project it is proposed that the best candidate to meet the needs of a commercially 
viable millimeter-wave transmission line is the Substrate Integrated Waveguide (SIW). The 
potential of SIWs to realise a variety of different components at lower frequencies has already 
been demonstrated. Work done prior to this [35] has confmned the possibility of using a 
photolithographic thick-fibn fabrication technique in the construction of rectangular 
waveguides. 
The use of photoimageable dielectric and conductor materials allow for the defulition of fine 
lines and precise dimensional control required in the fabrication of millimeter-wave 
components. The photoimageable pastes are screen-printed onto a ceramic substrate, the 
required pattern is subsequently defined under ultraviolet (UV) light (Fig. 1.5). The unwanted 
sections are etched away creating a 3-dimensional structure. Subsequent processing 
provisions the filling of vias, increasing the dielectric thickness and defming of the uppermost 
conductor pattern. 
It is understood that the proposed SIW will exhibit losses that are higher than the full height 
air filled rectangular waveguide. This is due to two factors, firstly, the propagating wave 
needs to contend with dielectric losses attributed to the loss tangent of the dielectric material 
used, secondly, due to the 'reduced height' of the waveguides, ohmic losses in the broadwalls 
are increased. The novelty of this approach is that a low-cost fabrication process can be 
employed to realise a robust transmission line suitable for integration with millimeter- 
wave systems. Fabricated SIWs will be shown to have propagation characteristics that 
are in good agreement with predictions, and still maintain a low level of attenuation 
while operating at millimeter-wavelengths. 
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(i) A conductor layer is printed 
on the ceramic substrate, which 
is used as the first layer, 
forming the lower broad wall of 
the waveguide 
(ii) A dielectric layer is printed 
over the fonned lower 
conductor. 
/ 
Aj 
or 
Figure 1.5 Sequence of events in the fabrication of SlWs 1351 
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(iii) Trenches required for the 
sidewalls are photo-patterned in 
the dielectric and etched away. (iv) A conductor layer is 
printed, photo-pattcmed, and 
etched to form the waveguide 
sidewalls. 
(v) Repeated dielectric prints 
are used to achieve the required 
guide height, in which trenches 
are again defined and etched. 
(vi) A top layer metallisation is 
then printed, photo-patterned 
and etched to form the upper 
broadwall and waveguide 
transitions 
1.5 Thesis Overview 
The first chapter of this thesis has outlined the intended goals of this work, and the problems 
associated with present transmission line configurations. The developments of millimeter- 
wave systems that are able to exploit the unique characteristics of the atmosphere have also 
been discussed. A proposal has been made for using a dielectric filled rectangular waveguide 
transmission line to overcome the problems associated with present configurations. The 
components designed in subsequent chapters will be centred, on the 'target' frequencies of 
systems described in this chapter. 
The second chapter in this thesis presents a detailed description of the fabrication process 
employed. Key aspects of the process, which are required in achieving successful fabrication 
runs, are highlighted. The chapter concludes with the characterisation of the process, enabling 
future circuit designs to be performed with improved predictability. 
Chapter 3 presents the design of the proposed dielectric filled waveguides in the V, W, D, and 
G bands. In addition to which, a suitable transition used for on-wafer probing and integration 
with other circuit components is also presented. The function of the two different calibration 
methods used in the measurement process is discussed. The measurements presented will 
demonstrate that the transmission line configuration and fabrication process adopted allow for 
millimeter-wave operation up to G band frequencies. 
To further demonstrate the potential of the proposed method, passive circuit components in 
the form of resonant cavity filters are presented in chapter 4. The filters are realised as 
resonant waveguide cavities coupled using H-plane offsets. Aspects of the 3-dimensional 
modelling done to ensure thorough characterisation of waveguide junctions are described in 
detail. Measurements performed sit in good agreement with predicted values and demonstrate 
successful operation up to 180 GHz. 'Me measurements presented highlight the integrity of 
the design and modelling stages, and robustness of the fabrication process. 
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Antennas are the final components used to demonstrate the potential of the technology. 
Successful antenna design, using the given process will allow for the implementation of 
integrated receiver circuits to be realised with the given process. Two different types of 
antennas are presented in chapter 5, the first is the waveguide slot antenna, and the second is a 
patch antenna array. The design process, and unique problems encountered when using the 
given fabrication process are discussed. The measurements taken allow one to determine the 
suitability of the two different antenna configurations adapted to the fabrication process. In 
addition to return loss measurements, radiation pattern measurements are also presented to 
verify antenna operation. 
Chapter 6 concludes the work done in this thesis. In this chapter, a summary of the 
achievements made is presented along with proposals for further development of the work 
already undertaken. Proposals for future work take into consideration the positive and 
negative aspects of the fabrication process employed, and lessons learnt in the design process. 
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Chapter 2 
2 Fabrication Process 
2.1 Introduction 
This chapter introduces the different stages of the thick-film fabrication process used in the 
course of this work. There are key factors in every stage of the process that have an impact on 
the quality of circuits produced, and these are discussed in detail. The process embarked upon 
differs from the conventional thick-film process in that the required patterns are photo- 
lithographically defmed. 
Interest in thick fihn technology emerged in the 1960s when it was realised that the high costs 
associated with monolithic and thin film technology did not offer a reasonable performance 
trade-off. Since then, thick film applications have expanded to include digital integrated 
circuits, high-power and high-voltage circuits, and also high frequency microwave circuits. 
However, failure of the thick-film process to achieve fine lines and maintain strict 
dimensional control over fabricated patterns prevented it from venturing to the higher 
microwave frequencies. In the area of microwave electronics, thin film technology has had a 
clear advantage with its ability to offer stricter dimensional control on fabricated circuits. This 
is an important aspect, especially if there is interest in operating at millimeter-wavelengths. 
The thin film process does however have some disadvantages, firstly, the process is more 
costly and secondly, it does not readily lend itself to large-scale production, as passive 
elements and conductors need to be sputtered or evaporated onto the substrate [3]. In the case 
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of conductors a sufficient thickness needs to be achieved so as to ensure the skin-depth 
requirements (i. e. a thickness of three times skin-depth should be maintained) of the lowest 
operating frequency is met. 
This void created by the two different technologies is comfortably filled by photoiniageable 
thick film technology. It has an ability to realise dimensions as small as 20 pm; also, the costs 
involved are considerably lower than that of thin film technology. Photoiniageable thick film 
technology incorporates an exposure and developer stage into the conventional thick-film 
process to define and realise desired patterns or features. 
2.2 Hibridas@ Process 
The thick film process followed in the course of this work uses pastes and equipment 
purchased from Hibridas2'. A unique feature of this photoimageable thick film process is that 
the additional spin-on of photo resist is not required. Additionally, the developing stage in the 
process does not employ the use of any hazardous chemicals. This is achieved by including a 
photosensitive carrier within the printable pastes and the method of etching used is physical, 
rather than chemical, in nature. The fabrication process for any single layer, either conductor 
or dielectric, is illustrated in Fig 2.1. 
In the case of multi-layer circuit fabrication, the above process is repeated with conductors, 
providing metallisation patterns and via fills, and dielectrics providing dielectric insulation 
and via-hole formation layers. Hibridas'O has a set of recommended guidelines for the 
processing of its pastes, however, some parameters within the process guidelines have been 
altered so as to achieve the desired results. The essential parameters affecting each of the 
different stages will be explained in the following sections. 
Print I Dry Ik Expose IL Develop IL Fire 
Figure 2.1 The Hibridas@ process [49] 
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2.3 Dielectric and Conductor Pastes 
Hibridase manufacture a variety of conductor pastes and a single dielectric paste. All the 
photoimageable pastes follow a standard thick-film paste preparation procedure [50]. Finely 
divided particles of functional material (i. e. metal, glass, oxides) are dispersed in an organic 
carrier (vehicle). The particle size of the inorganic filler is approximately I to 5 pm. 
The terms "organic carrier" and "organic vehicle" are synonyms and the only difference 
between the conventional and photoimageable pastes is the fact that a photosensitive organic 
vehicle is used. The photosensitive organic vehicle imparts the necessary viscosity, 
rheological and thixotropical characteristic to the paste, as is required for screen-printing. The 
organic solvent (benzyl alcohol) is evaporated during the drying stage and a semi-solid layer 
of photoimageable paste forms on the substrate. 
Raw Material 
Au, Ag, Pd, Pt 
Crystallising glass 
Photosensitive Binder 
organic vehicle 
To allow photo- 
Supports 
adhesion of fine patterning particles 
hotoimageable Thick Film Paste Fýpt 1 
Figure 2.2 Paste composition 
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The photo initiator present on the dried paste splits under the illumination of LJV-Iight into 
extremely active free radicals, which start a photo-induced chain polymerisation. This leads to 
formation of hard three-dimensional structures in areas that have been exposed, and are 
insoluble in the developer solution. The unexposed areas are removed during the developing 
stage. Finally, the remaining organic components in the developed pattern are burnt out 
during the firing process forming the well-defmed conductor or dielectric pattern depending 
on the paste used. 
The dielectric paste used is HDIOOO as it is the only dielectric paste manufactured by 
I-libridasID. The conductor paste HC4700 (silver) was chosen as it offers the highest 
conductivity and is the most economical in the range of conductors offered. Prior to printing, 
the pastes need to be prepared for use. Preparation is relatively simple, where the pastes are 
stirred for about two minutes, stirring helps to reduce the paste's viscosity, and increases 
uniformity of the paste. In addition to being stirred, a small amount of Benzyl alcohol can be 
added to further reduce the pastes viscosity. The addition of Benzyl alcohol aids in the screen- 
printing process by reducing paste viscosity, however, it should be done sparingly as it also 
reduces the percentage weight solids of the paste. Such a reduction ultimately leads to an 
increase in the porosity of the fired print. 
2.4 Substrates 
The substrates chosen for use during the course of this work were COORSTEe ADS-96R 2" 
x 21'substrates [5 1 ], which have been qualified for use with Hibridas' pastes. These offer the 
lowest surface roughness (<0.89 jun r. m. s. ) and minimum camber (: 5 ±0.051 mm/mm) for the 
range of thick film substrates. The surface roughness of the substrate is of importance, as it 
will influence the surface roughness of the printed layers. From an electrical viewpoint it is 
desired that the surface roughness be kept at a minimum. This is especially important at 
higher frequencies, where increased surface roughness results in increased attenuation. 
However, from the perspective of the fabrication process, a minimum amount of surface 
roughness is required as it promotes adhesion between printed layers. 
Camber describes the lack of flatness of the substrate. Increased substrate camber will result 
in the production of circuits with poor quality, as it hampers the screen-printing, and exposure 
stages of the process. A substrate that lacks flatness will have an uneven print thickness 
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across its surface. This is undesirable, it is crucial that the dielectric height of any fabricated 
circuit be kept consistent, so as to ensure the measured performance will be in agreement with 
the modelled behaviour of the circuit. 
2.5 Screen Printing 
2.5.1 Introduction 
Modem day screen-printing was invented in England, 1907, where Samuel Simon patented 
the use of silk fabric as a printing screen as an industrial process [52]. The roots of screen- 
printing however date fin-ther back. The Chinese and Japanese first used screen-printing to 
decorate clothing. Early screens were made using woven silk and sometimes human hair 
stretched on a wooden fi-ame. 
Today screens are made from either a stainless steel or a polyester mesh and screen-printing is 
used for more than to meet the end of some decorative purpose. In this project, screen- 
printing forms the first stage in the fabrication process; it is used to deposit the required 
conductor and dielectric pastes on an alumina substrate. The following sections will explain 
the essential points of this process. 
2.5.2 Process 
The objective of the screen-printing process is to deposit a fihn of ink of known dimensions 
on a ceramic substrate. In working toward this objective, it is essential that surface variations 
across the substrate be at a minimum. Surface variations, whether attributed to substrate 
camber, substrate roughness, contamination or even poor print quality will severely limit the 
circuit's operability at higher frequencies. Before moving on to discuss how these effects can 
be kept to a minimum, a brief description of the screen-printing process is given. 
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Screen fi-ame 
Squeegee 
Ink 
Flood 
blade 
Figure 2.3 Mesh screen 
Exposed mesh, 
printable area 
First, the required amount of ink is spread on the screen, at the squeegee's rest position (Fig. 
2.3). Next, the screen is loaded onto the printer with the squeegee and flood blade fitted 
afterward. The print process can then be initiated; during printing the squeegee/flood blade 
carriage move across the screen (Fig. 2.4). The squeegee/flood blade carriage has two 
6strokes' associated with it, there is the 'print stroke' where the squeegee moves across the 
screen with a set downward force (Fig. 2.4 (a)) resulting in the ink being deposited on the 
underlying substrate. Following that, there is the return 'flood stroke' (Fig 2.4(b)), where the 
flood blade re-distributes the ink across the screen in preparation for the next print stroke, and 
returns to its original position. 
--------------------------- pol. 
Direction of squeegee/ flood 
blade travel 
4 ------------------------- 
Direction of squeegee/ flood 
blade travel 
Downward 
force 
(a) Squeegee is down, flood 
blade is lifted 
(b) Squeegee is lifted, flood 
blade is down 
Figure 2.4 Print and flood strokes 
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Printable inks are referred to as 'high thixotropy inks'. These inks have a high viscosity, 
which cause them to 'stand' on the mesh screen after the flood stroke, then, it only flows 
through the mesh screen as its viscosity is lowered by the shearing action of the squeegee. 
Once on the substrate, the ink experiences no further pressure and it 'stands' again. This gives 
it the ability to form lines and patterns when required [3]. It should be stated that on the flood 
stroke, the flood blade is lowered only enough to just skim across the top of the screen, and 
does not have sufficient force to push ink through the screen. 
There are two basic methods of screen-printing: 
0 Off-contact printing; 
9 Contact printing. 
The most widely used method, and the method employed here, is Off-contact printing. In this 
method, only one section of the screen, that which is directly under the squeegee, is in contact 
with the substrate during the printing process. In contact printing, the entire screen is in 
contact with the substrate during the complete pass of the squeegee. As contact printing has 
not been used in the course of this work, no further reference will be made to it and all points 
describing the screen-printing process will be with reference to Off-contact printing. 
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2.5.3 Printer Setup 
The setting up of the screen printer is a manual operation, requiring several adaptive trials 
before the desired result can be achieved. Screen printers generally consist of a feed and a 
print unit. The feed unit holds the substrate in place with the aid of a vacuum. It also positions 
the substrate under the screen for printing. The print unit is where the squeegee and flood 
blade are mounted and controls both the print and flood strokes. This is illustrated in the 
model of a DEK 1202 screen printer (Fig. 2.5). Each of the two mechanisms has their own 
individual settings that need to be adjusted to achieve an optimum print. 
(i) Squeegee pressure 
adjustment 
Squeegee and flood 
blade mounted 
Screen mount 
Screen 
mow 
(iii) Snap off - 
Distance between 
substrate and screen 
(ii) Movement of print unit 
establishes the print and flood 
strokes 
Snap off distance 
adjustment 
v 
(v) Screen alignment 
controls 
(iv) Movement of feed unit 
positions substrate under 
screen 
Figure 2.5 DEK 1202 Screen printer setup 
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Vacuum mount 
substrate holder 
Listed below are the main parameters that need to be adjusted to achieve a good print, and are 
all referenced to Fig. 2.5 [3]: 
(i) Squeegee pressure 
This defmes the downward force that the squeegee has on the print stroke. It can be increased 
to increase the thickness of the printed film, however, increasing the squeegee pressure also 
reduces the useful life of the screen. Should the squeegee pressure be below optimum, the 
sweeping action of the squeegee will not produce sufficient force during the print stroke to 
lower paste viscosity and will result in an uneven print. 
(H) Pfint speed 
The print speed needs to be adjusted such that as the squeegee travels across the screen, (a) 
the ink has sufficient time to populate the mesh and (b) the mesh has the opportunity to 
release itself from the substrate in keeping with squeegee travel. If the print stroke is too fast, 
there will be insufficient ink for the print and the screen release peel will result in a pattern 
forming on the substrate where the delayed release peel occurs. If the print stroke is too slow, 
the resulting print height will be inconsistent. 
Snap off distance 
The snap off distance is often viewed as one of the most important settings in the screen- 
printing process. It is defined as the distance between the screen and the substrate, prior to the 
print stroke. If the snap off distance is less than optimum, the shearing effect of the passing 
squeegee will not be able to leave a well-defined homogenous print, as the emulsion will flow 
onto a much wider area of the substrate. If the snap off distance is too large then the screen 
will not be able to contact the substrate and a print will not be made. DuPone Microcircuit 
Materials division have published a set of recommended snap off distances for the standard 
screen sizes [53]. However, these recommendations are meant as guidelines and the optimum 
snap off distance for a given setup can only be achieved through adaptive trials. 
(N) Speed offeed unit 
The speed of the feed unit must be adjusted to accommodate 4screen release peel'. As 
mentioned previously, in off-contact printing, the section of the screen directly under the 
squeegee comes into contact with the substrate. As the squeegee moves away, it takes a finite 
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amount of time for the screen to peel itself away from the substrate. The speed of the feed unit 
must be adjusted such that the substrate holder carriage does not attempt to return prior to the 
completion of screen release peel. A premature return of the carriage will result in an uneven 
print at the end of the substrate. 
(y) Screen Alignment 
Screen alignment needs to be carried out such that the printable area is aligned to completely 
cover the substrate. This becomes more important when the designed circuits are close to the 
edge of the substrate, or when a multi-layer process is being done solely with the use of 
standard thick fihn inks, and not employing a photo-defining stage. 
All of the above parameters need to be adjusted depending on the viscosity of the pastes, type 
of screen and substrate used. Printing forms the core of the fabrication process. A low quality 
print will set the tone for subsequent processing stages and inevitably lead to poor circuit or 
component performance. When using photoimageable pastes, substrates are blank screen- 
printed. In this case, the requirements for a good print are: 
*A smooth fmish 
o Uniform thickness 
* No print voids 
s Contamination free 
An extremely critical factor in obtaining a good print requires that the print be free from 
contamination. Any dust or fine particles that settle on a wet print cannot be removed without 
affecting the print. Any contamination left undetected will be burnt out in the ffirnace, 
however it is also likely to leave a void in the area it formerly occupied. Hence in order to 
achieve a good print, work must be carried out in an environment that is free from 
contamination. All fabrication work done in this project was carried out in a Class C 10,000 
clean room environment (with the exception of fning), located in the ATI building room 07 
DJOI. 
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2.5.4 Screens 
Tlle type of screen used does have an influence on the final print. However, when this work 
was first undertaken not very much was known about the specifics of screens to decide on the 
exact requirements for the task at hand. The recommendations of the screen manufacturer 
were adhered to with the aim of meeting the print thickness recommendations given by 
Hibridase. 
In this particular application where all substrates are blank screen printed, the specifics of the 
screen parameters are less demanding, as no fine lines or narrow gaps are realised from the 
print itself. The principal goal here is to achieve a smooth uniform print of a given thickness 
across the entire substrate. Hibridas" recommends that the conductor should have a pre-fired 
print thickness no greater than 18 pm and a print thickness no greater than 25 pm for the 
dielectric [54,55]. The main parameters associated with screens are: 
Mesh count 
* Emulsion thickness 
The mesh count is defined as the number of mesh openings per inch. In printing the dielectric 
and conductor pastes mesh counts of 200 and 325 were used respectively, as recommended by 
the screen manufacturer. 
The emulsion thickness to a large extent defines the thickness of the print. The resulting print 
thickness is approximately two-thirds the emulsion thickness. The screens available had 
emulsion thickness of 36 pm (200 Mesh) and 18 pm (325 Mesh) for the dielectric and 
conductor pastes respectively. These produced pre-fired dielectric thickness of about 20 pm 
and pre-fired conductor thickness of 12 pm. 
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2.6 Drying 
The drying process evaporates the solvent used in the thick film ink. For the Hibridass pastes 
used, optimal drying parameters were found to be at 90'C for a period of 40 minutes, using a 
natural convection drying oven. 
Optimal drying is critical as substrates that are not completely dried introduce problems in the 
subsequent exposure stage, where mask alignment needs to be carried out. During the 
exposure process, a vacuum is used to hold the substrate and mask in position. A substrate, 
which is not completely dry, will stick to the mask, hindering the process of mask alignment. 
Conversely, excessive drying can de-activate the photo initiator contained in the 
photoirnageable pastes, preventing the successftil photo patterning of the printed pastes. 
2.7 Exposure 
During exposure, the photosensitive vehicle contained within the printed pastes is 
polymerised. This is achieved by exposing the printed substrate, (under a patterned mask, Fig 
2.6(a)) to a UV light source for a period of 1-4 seconds. Hibridass pastes are negative 
photoimageable; areas that are not exposed are not polymerised (Fig. 2.6(b)) and are etched 
away during the developing stage. 
UV light source 
Exposed sections polymerised 
Mask 
Printed substrate 
(a) Exposure 
Figure 2.6 Exposure process 
(b) Exposed sections 
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It is inevitable that a small amount of fringing of the UV light occurs at the mask- print 
interface. Hence, to minimise the effect the fringing could have on the process, use of the 
minimum exposure time is recommended. The manufacturer recommended a minimum 
exposure time of I and 3 second(s) for the dielectric and conductor pastes respectively [54, 
55]. These guidelines were adhered to during the fabrication process and were found to be 
sufficient so as to define the desired patterns. 
A critical factor in the exposure process is mask alignment. This is especially important in the 
fabrication of multi-layered circuits, as any misalignment depending on the magnitude could 
either have a detrimental effect on fabricated circuit's performance or render it completely 
inoperable. 
Mask alignment was performed with respect to alignment marks (Fig. 2.7) photo imaged from 
the first print made. All subsequent layers were aligned with respect to the markers on the 
first layer. The conventional use of the substrate edges as alignment markers was decided 
against, as it was realised that most substrates had unevenly cut edges (manufacturer stated 
tolerance, +0.13 mm, -0.05 mm). The lack of consistency along the substrate edges would not 
allow repeated alignment to be carried out accurately. Precise alignment is a key requirement 
in the fabrication of multi-layered millimeter-wave circuits. 
Alignment 
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Figure 2.7 Mask alignment 
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2.8 Developing 
During the developer stage, sections of the dielectric or conductor that were not previously 
exposed are etched away. Developing is broken down into three stages; (i) Etch (ii) Wash, 
and (iii) Dry. As with any processing step, each stage during developing needs to be adjusted 
to achieve optimum results. The developer used is a spin developer, where the exposed 
substrate is placed on a substrate holder that spins at about 3000 r. p. m. through all three 
stages. The purpose of each stage and how their parameters can be varied are now explained. 
(i) Etch 
The unique feature of Hibridas"' photoimageable pastes mentioned earlier is that the etching 
that occurs is not chemical in nature. The method used instead is known as abrasive etching, 
where a high pressure atomised mist of aqueous Monoethanol Amine (MEA, 0.25 w. t. %) is 
sprayed onto the spinning substrate. The spray nozzle is positioned just above the substrate 
and is able to evenly cover the entire substrate surface. The parameters that can be adjusted 
are the pressure and duration of the atomised spray. Naturally, it is desired that the minimum 
pressure and etching time be used. Dielectrics usually require longer etching times from 4.5 to 
7.2 seconds, depending on the size and depth of the feature being etched [551. Conductor 
patterns require much shorter etching times ranging from 1.6 to 4 seconds, again depending 
the pattern being etched [54]. The atomised spray pressure usually ranges from 0.6 to I bar. 
Excessive etching will result in coarse edges, especially visible on fired conductor patterns 
and result in the complete removal of any fine lines (<20 pm). Hence it is best that the 
minimum possible etching time and pressure is used. 
(i) Etch: Atomised 
spray 
Substrate being 
developed 
_ 
(ii) Wash: Wash 
solution 
Spinning substrate 
holder 
Figure 2.8 Spin developer stage 
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(ii) Wash 
The wash stage provides a rinse, removing any of the remaining etched segments from the 
substrate. The rinse cycle is similar for both conductors and dielectrics for about 2 seconds at 
a pressure of 0.4 bar. The wash liquid is a 0.1 w. t. % Acetic acid. 
(iii) Dry 
During the drying stage, the substrate is spun for a period of approximately 15 seconds to dry 
off any remaining etch or wash solution that might be present on the substrate. 
2.9 Pre-Fire Dry 
Although not part of the recommended processing, this stage was added after problems were 
experienced with the processing of dielectric laYers. After firing, it was noted that boundaries 
of the etched sections of the dielectric experienced cracking or a certain amount of lift-off, 
from the underlying layer. 
As not enough was known about materials and material processing, all measures taken were 
done in consultation with Hibridae and UniS Centre for Advanced Surface, Particle and 
Interface Engineering. After several trials, it was deduced that the solvent (Benzyl Alcohol) 
contained within the dielectric paste had not completely been evaporated during the drying 
stage. Increasing the drying time or temperature prior to exposure was advised against as this 
could possibly damage the photo initiator, especially since prints appeared dry and posed no 
problem to mask aligriment. It is believed that during the initial drying process, top surface 
drying causes a crust to form, which results in some of the solvent being trapped below. 
Subsequently, during firing (discussed in the next section) this solvent attempts to evaporate 
along with the organic binders during bum out. This imposes an undue stress on sections that 
have been etched, resulting in lift-off and cracking at the edges of the etched features. The 
first measure taken to overcome this problem was the introduction of a 60-minute drying 
period at 2000C, giving the solvent sufficient opportunity to evaporate. The second required 
an altering of the firing profile used. Determining the exact cause of the cracking was not 
possible and is beyond the scope of Us work. This would require the processed substrates to 
be observed through the faing cycle to determine the exact temperature at which cracking 
occurs. 
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2.10 Firing 
The firing process removes all the materials added to assist in the paste delivery system and 
also binds the particles of the intrinsic material together forming a hard solid. It is in this solid 
which the end characteristics of the material are realised. The removal of additives and 
process of binding occur at different phases of the firing process and specific temperatures 
need to be maintained for a sufficient period of time for the phases to take place successfully. 
A programmable chamber furnace was used for the firing process, this offered control over 
process temperatures and rise rates required by the different phases. The first phase known as 
burn out takes place from 300 - 500'C, this is when the organic binders and other additives 
are removed from the film (Fig. 2.9). Although the manufacturer recommends a 10'C/min 
rise rate during burn out [54,55], it was observed that a slower rise rate of 21C/min was 
required for the dielectric to reduce the three-dimensional stresses imposed on etched features 
mentioned earlier. It is believed that the increased stress contributed to the cracking of the 
dielectric layer. 
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Figure 2.9 Dielectric and conductor firing profiles 
33 
Also, firing of conductor patterns could take place at the recommended rate but it was 
observed that a slower rise rate of 5'C/min resulted in a visibly smoother surface finish, and 
was adopted for use. The second phase is known as sintering, this is when the particles of 
silver or dielectric bond to form a hardened solid. Sintering occurs at 850'C, which is 
maintained for a period of 10 minutes. The complete firing process is carried out using a 
programmable box furnace, capable of temperatures up to 1200'C and maximum rise rate of 
I O'C/min. 
2.11 Process Characterisation 
2.11.1 Physical Parameters 
Analysis of physical parameters includes the minimum gap and space dimensions, the amount 
of shrinkage experienced by the fired conductor, conductor surface roughness and the 
thickness of the conductors and dielectrics. 
2.11.1.1 Lateral Dimensions 
The conductor dimensions are determined using a reference set included in the mask. This 
reference set contains lines of widths (W) from 80 pm to 10 pm, and separations (S) from 40 
pm to 15 pm. Establishing the optimum processing dimensions and shrinkage associated with 
the process is beneficial and can be incorporated into future designs. This is especially 
relevant when the designs include microstrip or CPW transmission line components. 
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----------- 50ý 
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Figure 2.10 Mask layout reference set (inset: SEM fabricated lines) 
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From the results of the reference set, shrinkage and the minimum dimensions were 
determined. It was noted that the sections that had a separation of 15 gm, and 20 pm did not 
have gaps that were clearly defted. The limited gap area present in those sections prevented 
the unpolymerised conductor from being etched satisfactorily. This could be altered if needed, 
by increasing the duration of the etch cycle and pressure in the developing stage. However, 
this would compromise the fter lines present on other parts of the substrate and result in an 
increased amount of etching of all conductor traces. Hence, it is best that the minimum gap 
spacing be kept at 25 pm; so as to ensure the etching process can be performed while having a 
impact of fabricated conductor dimensions. 
During the fabrication process it was observed that the 10 pm lines were completely etched 
away, their reduced dimension could not provide sufficient adhesion to the substrate while 
undergoing the etch process. Although slightly better were the results of the 15 pin lines, the 
fabricated lines did not demonstrate consistency, as some did experience lift-off. The 
designed 20 pm lines were successfully realised, however, the edges of some lines did show 
early signs of lift-off, and any increase in etch or wash pressure/duration would definitely 
worsen their predicament. Hence, the recommended minimum conductor dimension (during 
design) is 25 pm. 
Conductor shrinkage was determined from comparing the designed dimensions with those 
observed in the SEM image. The dimensions of several different line widths were taken and 
overall shrinkage is known to be between 12 - 18% depending on the width of the fabricated 
line. Shrinkage of line lengths was noted to be much smaller at approximately 4%. 
Designed (pm) Measured (pm) Shrinkage 
25 20.95 16.2 
35 28.57 18.4 
40 33.33 16.7 
50 42.86 14.3 
80 67.4 15.8 
110 94.74 13.9 
215 189 12.1 
Table 2.1 Shrinkage of fired conductor 
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Another point is the shrinkage associated with waveguide components. This is a different 
issue as the waveguides are embedded in the dielectric layer. Several different waveguides 
have been fabricated and their dimensions measured using a microscope incorporating a 20 
pin-graduated reticule. No significant change was noted in the fabricated waveguide 
dimensions and this is finther confirmed by the S-parameter measurements taken (presented 
in chapters 3,4). 
2.11.1.2 Layer Thickness 
The thickness of the dielectric and conductor layers were determined by measuring step- 
heights of each processed layer using a DekTak Profilometer. The thickness of both materials 
was measured before and after firing. Knowledge of the material thickness prior to firing 
allows us to verify the characteristics of the printing process. Should a change in print 
thickness be required, an appropriate screen can be obtained and results observed prior to 
faing. The fired thickness gives an indication of what the final circuit build dimensions are. 
The range of measurements obtained through the course of fabrication is presented in Table 
2.2 and indicates the level of consistency maintained during the initial stage of screen- 
printing. The print thickness of both materials is in agreement with the recommendations of 
the manufacturer. 
Recommended Measured 
Pre-fired (, um) Pre-fired (lim) Postfired (, um) 
Conductor <18 11.5-12.2 -5.2 
Dielec c <25 18.7-21.6 8.9-10 
Table 2.2 Conductor and dielectric layer thickness 
one of the objectives of this project is to demonstrate that circuits fabricated using thick-film 
technology can be integrated with MMIC chips. A requirement of this objective is the 
forming of trenches' in which the MMICs can be mounted. Fig. 2.11 shows an SEM image 
of a 60 pm trench fabricated to allow the integration of a 60 GHz MMIC amplifier module. 
Seen along the periphery of the feature are bonding pads required for the module. 
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Figure 2.11 MMIC feature 
2.11.1.3 Surface Roughness 
The surface roughness of the conductor is of importance in microwave/millimeter-wave 
circuit design. At higher frequencies, the magnitude of skin-depth (8, ) becomes comparable to 
the conductors surface roughness. 
(2.1) 
, uu 
(5s 
p (2.2) R, = 
ýý" 
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P, = 
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2 (, 
where, 
(o is the frequency in radians 
ýt is the penneability of free-space 
(; is the conductivity 
is is the current density 
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The power loss in a conductor due to finite wall conductivity is shown in (2.3) [1]. When the 
magnitude of the 5, is comparable to the surface roughness of the conductor, then, the contour 
C over which the surface current (j) is integrated increases. This translates to an increase in 
conductor attenuation. The skin depth in a conductor (with a=4.1 X 107 S/m), ranges from 
0.35 pm to 0.17 pm over the frequencies of 50 GHz to 220 GRz. 
An AFM scan (40 x 40 pm area) performed on the conductor surface showed it to have an 
r. m. s roughness of 0.27 jim. It may appear unfortunate that the measured surface roughness is 
comparable to the skin-depth at the frequencies of interest, which should lead to an increase 
in attenuation at these frequencies. Undoubtedly, the measured attenuation at millimeter- 
wavelengths was greater than that of a perfectly flat conductor with a=4.1 X 107 S/M . 
However, it should be noted that the measurement of 0.27 pm is representative of r. m. s. 
surface roughness, and does not give a complete description on the regularity with which the 
4peaks' that cause roughness occur at. In Fig. 2.12, the 'peaks' can be seen as the lighter 
areas, with the smaller features being represented as darker areas. 
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Figure 2.12 Top metal conductor (silver) surface roughness 
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2.11.2 Electrical Parameters 
The electrical parameters are described by the resistivity of the silver used and the 
permittivity of the dielectric used. The resistivity of the HC4700 conductor was determined 
with measurements done on a 4-point probe, and found to be 4.1 mfVsq, which is in 
agreement with the manufacturers specification of 3-4 mfVsq. 
The dielectric constant, or permittivity of the material (e, ) is comprised of a real and 
imaginary part. The real component of the HD 1000 material was found to have a nominal 
value which ranged from 7.87 - 7.89. This is in good agreement with the manufacturer's 
specification of 8. This value was determined from measurements taken on the fabricated 
components and will be presented in chapters 3 and 4. The increase in permittivity was noted 
at the higher frequency ranges. 
Determination of the imaginary component at millimeter-wave frequencies is a complicated 
task, as it is representative of loss, and the measured loss is known to have two contributing 
factors, i. e. conductor and dielectric. Separation of the two is beyond the scope of this work, 
however, an approximation of the imaginary component is arrived upon and presented in 
chapter 3. 
2.12 Conclusion 
In this chapter, the fabrication process undertaken in the course of this work has been 
described. Each stage of the process has been described in detail with attention given to key 
aspects of the fabrication process. In addition to the recommended process guidelines, 
measures that were adopted to suit the process to the given setup were described. These 
included an additional drying stage prior to firing, and a slower temperature ramp on the 
firing cycle. 
The characterisation of the process has also been covered. This included the definition of the 
minimum conductor and gap dimensions of 25 pm that must be adhered to for the successful 
fabrication of circuits. In addition, the resulting thickness of the conductor and dielectric 
layers were examined prior to and after firing, this illustrates the consistency maintained 
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during the printing stage and gives an understanding of the final circuit build dimensions. 
Lastly the surface rouglmess of the printed conductor has been examined and its effect on 
attenuation explained. 
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Chapter 3 
3 Substrate Integrated Waveguides 
3.1 Introduction 
Rectangular waveguides are used in a wide variety of applications from high power radars to 
sensitive millimeter-wave measurement systems. The low-loss transmission characteristic and 
excellent isolation provided make them an ideal transmission line for millimeter-wave 
systems. However, their size, weight, and machining required has often limited their use to 
applications where a compromise in signal integrity and system precision cannot be afforded. 
In the past, attempts have been made to integrate waveguides with planar circuitry, so as to 
draw on the benefits of the medium. However, much of these efforts have often employed 
precision micromachining techniques, which may not be desirable in an industrial fabrication 
facility. 
In this chapter the design of SIWs is presented; the waveguides are fabricated using the thick- 
film process described in chapter 2. In addition to the waveguides, the design of a suitable 
transition that facilitates on-wafer testing and integration with other circuit components is 
presented. The designed waveguides cover operation of the millimeter-wave spectrum from 
50 GHz to 220 GHz. Essential aspects of the measurement and calibration process used are 
discussed, with the functions of each calibration method highlighted. Measurements presented 
sit in good agreement with theoretical predictions, and demonstrate the low-loss characteristic 
of these waveguides. 
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3.2 Waveguide Design 
3.2.1 Waveguide Dimensions 
When waveguides are designed for low-power applications, the primary requirements are to 
keep loss and dispersion at a minimum. The process begins with identifying the frequency or 
range of frequencies over which operation is intended. From which, the cutoff frequency of 
the fimdamental mode (TEo) is determined and the required waveguide dimensions can be 
calculated. The fundamental mode of any rectangular waveguide is that of the lowest cutoff 
frequency 
(3.0) 2; r 
(2 
a! 
-' +( 
Lb) 
Above the fundamental mode, higher order modes (TE., TM. ) can also propagate in a 
waveguide, with each higher order mode having its own respective cutoff frequency. Once 
above their cutoff frequencies, higher order modes can be excited by the feed mechanism, or 
by discontinuities present in the path of wave propagation. The cutoff frequency for each 
mode can be determined from equation 3.0 [24] (where a and b are the guide dimensions, V, is 
the permittivity of the material used, and c is the speed of light in a vacuum). 
It is often desired to keep propagation within the fundamental mode as this mode provides the 
lowest attenuation for a given frequency. Also the field orientation of the fundamental mode 
is well suited for integration with planar circuitry. To ensure minimum attenuation within the 
: ftmdamental mode, it is customary for the recommended start frequency to be defined at 
approximately 20% above the cutoff frequency of the fundamental and end at approximately 
5% below the cutoff frequency of the next Wgher order mode [4] (Fig. 3.1). This not only 
ensures minimum attenuation, but also prevents the exciting of Mgher order modes. Fig. 3.1 
illustrates the theoretical attenuation and normalised. phase constant for the first two 
propagating modes (TEo, TE2o) of a standard W band air filled waveguide. It can be seen 
that although the normalised. phase constant approaches unity above 2f,, the band definition 
does not extend into this region due to the possibility of exciting the TE20 mode. 
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Figure 3.1 W band rectangular waveguide, theoretical: (a) Attenuation, and (b) Dispersion 3 
' Guide dimensions: 2.54 x 1.27 mm, assumed wall conductivity 4.1 X 107 S/M 
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The design of dielectric filled waveguides is similar to that of air filled waveguides, except 
that the permittivity of the dielectric material (E:, ) has a value greater than unity. This results in 
a scaling down of the waveguides 'a' dimension (Fig. 3.2). The waveguides designed in this 
project were done in accord with industry standard rectangular waveguide dimensions for V, 
W, D and G bands [4]. The cut-off frequency of the fundamental TEIO mode for the designed 
waveguides is identical to that of the full-height air filled waveguides. 
However, due to the nature of its reduced height, the sequence at which higher order modes 
occur is different. In addition to this, the attenuation experienced by these guides is higher 
than the full height waveguides, as dielectric losses and increased ohmic losses are 
experienced. The air filled waveguide considered earlier has the TEIO, TE20, and TEO, as its 
first three propagating modes, often with TE20 and TEO, having the same cutoff frequency. In 
the case of the reduced height (b = 60 pm, for all waveguides due to the nature of the 
fabrication process) dielectric filled waveguides the first three propagating modes are the 
TE, o, TEN, and TE30, the TEO, mode has a cutoff frequency of 883.9 GHz. 
Fig. 3.3 shows the theoretical attenuation of the first 3 propagating modes of a dielectric filled 
rectangular. The computed results are based on aW band waveguide of dimensions 0.898 x 
0.06 mm, assuming the conductivity of the silver conductor to be 4.1 X 107 S/m, and a 
dielectric material of permittivity 8 with a tan 8 of 0.004. The value used for the tan 8 is a 
projected approximation for W band frequencies, and is assumed constant across the band. 
wnýpa"Mp 
Multilayer 
dielectric 
Figure 3.2 Substrate integrated waveguide 
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V dirnensioin', --, ý 'b' dimension, guide height 
guide width 
The calculated attenuation shown in Fig. 3.3 is considerably higher than that of the air filled 
waveguide (Fig 3.1), this is due to the loss introduced by the dielectric material and the 
increased ohmic losses resulting from the 60 gm height of the waveguide. Even though there 
is an increase in dispersion (Fig. 3.4), the propagation characteristics of the waveguide can be 
modelled accurately with the use of waveguide equations or the High Frequency Structure 
Simulator (HFSS). Predicted results will be shown to be in good agreement with 
measurements taken. 
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Figure 3.3 First three modes of a substrate integrated waveguide. 
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Figure 3.4 Normalised phase constant (fundamental mode) 
The waveguide dimensions for the 4 different guide bands are calculated and displayed in 
Table 3.1, in addition to the recommended frequency range, the frequency at which the next 
higher order mode (TE20) begins propagating are also specified. Assuming a progressive 
increase in the tan 8 of the dielectric, and decrease in the overall conductivity of the guide 
walls (to emulate an increase of resistivity due to skin-effect and surface roughness) the 
attenuation (theoreticaý for each of the waveguides is calculated using equations (3.15) and 
(3.16) which are defined in section 3.8 (Fig 3.5). 
Band Frequency Range 
(GHz) 
Inside Dimensions 
(a x b) (mm) 
TE10 
f, (GHz) 
TE20 
f, (GHz) 
v 50-75 1.340 x 0.06 39.55 79.10 
w 75-110 0.898 x 0.06 59.02 118.03 
D 110-170 0.600 x 0.06 88.33 176.66 
G 140-220 0.460 x 0.06 115.21 230.42 
Table 3.1 Physical dimensions of designed waveguides 
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Figure 3.5 Theoretical attenuation for V, W, D and G band dielectric filled waveguides 
3.3 Integrated Waveguide Transition 
3.3.1 Microstrip Transition 
The intention of this work is to show that the proposed waveguide configuration is a good 
candidate for use as a millimeter-wave transmission line. In order to demonstrate this, the 
transmission characteristics of fabricated waveguide standards need to be measured. To 
facilitate testing using an on-wafer measurement setup a microstrip to waveguide transition as 
proposed by Deslandes and Wu [20] is used. Using a microstrip transition offers several 
advantages. Firstly, the electric field distribution of the microstrip is similar to that of the 
fundamental mode of the waveguide, this ensures a good field match (Fig. 3.6). Secondly, a 
wide range of impedances can be realised using the microstrip transmission line (Fig. 3.7). 
This is useful for matching purposes making the guide adept for integration with discrete 
components or MMICs. Finally, the waveguide and the microstrip transition can be 
fabricated using the same process, with it being formed as a single structure. 
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The CPW is another planar transmission line that could be considered for use, this however 
does have some disadvantages. Firstly, the field orientation of a CPW differs significantly 
from that of the waveguide fundamental mode, the electric field in a CPW is confined 
between the signal line and the ground planes along side it. The mismatch of field orientation 
will degrade the return loss performance of the component. Secondly, the range of realisable 
impedances is restricted by physical limitations of the fabrication process (e. g. minimum gap, 
width spacing). 
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Figure 3.6 Dominant mode electric field (a) Microstrip, and (b) Rectangular waveguide 
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Figure 3.7 Realisable microstrip impedances (simulated) 
Two issues need to be considered when designing the microstrip transition, they are (i) the 
field orientation required to excite the waveguide's ftindamental mode and (ii) an impedance 
match between the waveguide and the microstrip transition. 
AAAA 'A AAA 
I A, AAA 
Lower conductor Guide boundary -'ý 
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3.3.2 Field Orientation 
The field orientation for the microstrip and that of the waveguide's fundamental mode have 
been shown to be similar, hence well suited for integration. However, for such a transition to 
work effectively, the ends of the waveguides need to be left unobstructed (Fig 3.8). A closed 
waveguide section will result in degradation of the return loss performance, as this obstructs 
the potential that is established between the upper and lower broadwalls. 
Ends left 
unobstructed 
Microstrip 
Waveguide 
Figure 3.8 Waveguide transition 
Leaving the ends of the waveguide open may give rise to concerns of surface waves being 
excited. The lowest order surface waves that can propagate in a dielectric slab are the TEo and 
TMo modes [61 ]. The lowest order modes are known to have no cutoff frequency, however, in 
the presence of a ground plane only the TMo mode is supported. This is due to the fact that the 
boundary requirements for a TEO mode are no longer met when a ground plane resides below 
the dielectric slab. The propagating wave in the SlW will only give rise to a TMO surface 
wave when the phase constants of both transmission media are identical. When the phase 
constants match, coupling occurs from one media to the other allowing a TMO surface wave to 
propagate. The phase constant for the TMO mode is calculated using the Effective Dielectric 
Constant (EDC) method as described in [62]. Examining the mode chart (Fig. 3.9) of the 
respective waveguides and the lowest order TMO in a substrate of height 60 Pm and 
permittivity 8, it can be seen that no coupling occurs when the waveguides operate in their 
fundamental mode. However, the higher order waveguide modes (dashed lines) do have 
critical frequencies at which coupling can occur that support a TMO surface wave. The 
problem of substrate modes is more relevant to circuits fabricated using an LTCC process, as 
those circuits tend to have much thicker dielectric layers. This has the effect of lowering the 
cutoff frequencies of the higher order surface modes (TMI, TEI) and may give rise for 
concem. 
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Figure 3.9 Surface wave mode chart for a dielectric of height 60 pm and permittivity 8 
3.3.3 Impedance Match 
The width of the microstrip line is designed primarily to suit the probing requirements of the 
measurement setup. This width (80 Vm) results in an impedance of -50 Q that varies very 
slightly over the millimeter-wave band (dielectric thickness of 60 pan, and permittivity of 8). 
The different sets of waveguides (V, W, D and G bands) however, have their characteristic 
impedances defined as a function of their respective dimensions, frequency and dielectric 
permittivity. This causes an impedance mismatch between the microstrip and the guide (Table 
3.2), which reduces the useful bandwidth of the component. 
Introducing an impedance transformer between the microstrip and the waveguide eases the 
problem presented by the impedance mismatch. However, due to the impedance 
characteristics of the microstrip and the waveguide, a broadband match cannot be achieved. 
This is because the microstrip impedance increases with frequency, while the opposite occurs 
in the case of the waveguide. 
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A two-section Chebyshev impedance transformer is employed, to provide a match at the 
waveguide's center frequency. The design of a two-section Chebyshev matching transformer 
is relatively simple and the configuration is well suited for optimisation using RFSS. A 
detailed design process for the Chebyshev impedance transformer can be found in [1]. 
Although it is possible to use a larger number of matching sections to improve the matching 
bandwidth, more sections will mean an increase in the overall length of the microstrip and 
losses. Fig. 3.10 shows the resulting improvement (4 - 18 dB) in the return loss characteristic 
for aW band waveguide, with the inclusion of the matching section. 
Waveguide Band Frequency 
(GHz) 
Waveguide Impedance 
(411,12) 
Microstrip Impedance 
(Zý, 11) 
v 50-75 19.8-14.2 45.6-47.6 
w 75-110 34.1-21.3 47.2-49.9 
D 110-170 45.4-31.5 49.6-53.0 
G 140 -220 62.2-41.2 51.4-55.9 
Table 3.2 Waveguide and microstrip transmission line impedances 
0 
-10 
-20 
10 -30 
-40 
-50 
-60 
Return loss 
I mprovement 
7 --------- 
:_ 
I I '2 section transformer -Direct connection I 
75 80 85 90 95 100 
Frequency (GHz) 
Figure 3.10 Return loss improvement (simulated) 
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3.4 Waveguide Fabrication 
The waveguides are fabricated using the thick-film photoirnageable process described in 
chapter 2. Fabrication begins with the ground layer being screen-printed on a standard 2" x 2" 
alumina substrate forming the lower broadwall of the waveguide and the ground plane needed 
for the microstrip and associated circuitry. Next, a dielectric layer is printed and photoimaged 
forming the trenches required for the waveguide sidewalls. A cross-section image of a 
fabricated W band waveguide is shown in Fig. 3.11. 
Guide sidewalls 
Alumina substrate 
Figure 3.11 Cross-sectional image of a fabricated waveguide 
The width of the sidewalls had been chosen to be 100 pm, which is slightly larger than the 
minimum via dimension that can be fabricated in this process (-75 tun, HibridasS HD 1000 
datasheet). The ablation seen on the sidewalls is a result of the dicing of the substrate, and not 
an effect of the fabrication process. Each dielectric print has a thickness of 10 pin (fired), and 
repeated prints are used to achieve the required guide height of 60 pm. Subsequent conductor 
prints are then photoirnaged to occupy the trenches fon-ned and finally define the upper 
broadwall of the waveguide and microstrip conductor pattern. 
GSG pads for probing Waveguide 
A-A 
Section 2 
Microstrip line 
Guide ends unobstructed 
Jewalls 
Figure 3.12 Fabricated microstrip to waveguide transition 
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Upper and lower broadwalls 
3.5 Measurement Process 
Scattering parameter (S-parameter) measurements presented in the following sections and 
chapters have been done using a HP85 I OC Vector Network Analyser (VNA). Measurements 
taken from 45 MHz to 110 GHz were performed using the 851OXF millimeter-wave 
measurement setup, while measurements in the 140 - 220 GHz range utilised the Oleson 
Microwave Laboratories (OML) millimeter-wave extension modules. 
3.5.1 Calibration 
The VNA measures vector ratios of incident (a,, ) and reflected (b, ) energy, upon the device 
under test (DUT). The challenge in performing such measurements is defining the exact 
boundary between the measurement system and the DUT. This boundary is termed the 
creference' plane of the measurement and is defined by calibrating the VNA [63]. The 
calibration process serves two purposes, the first is to reduce the systematic errors that arise 
from the measurements taken, and the second is to set the reference plane for which the 
measurements are to be taken from. Prior to calibration, the actual measurement reference 
planes reside within the VNA. The calibration procedure sets the reference planes to a 
functional physical location (e. g. probe tips). For a full two-port measurement (reflection and 
transmission measurements), 12 systematic error terms are determined. The error box models 
(Fig. 3.13) account for the error coefficients, and then each actual S-parameter becomes a 
function of all four measured S-parameters [64]. 
Detector Planes 
b3 b4 b4 bý 
bi a, a2 b2 
Error Error 
Box A Box B 
t 
DUT 
Figure 3.13 Fictitious two-port with error box models 1651 
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3.5.2 Line-Reflect-Reflect-Match 
The first calibration method, the Line-Reflect-Reflect-Match (LRRM) is a well-established 
calibration standard developed by Cascade MicrotechO [66]. The calibration procedure 
requires four measurements to be taken using a proprietary Impedance Standard Substrate 
(ISS). Measurements are taken of a line, an open, a short and a 500 load, these allow for the 
calculation of error coefficients to be performed using the supplied software (WinCal). A 
remarkable feature used in this calibration process is the precision-engineered broadband 50K2 
load, capable of providing a match from 45 MHz to 110 GHz. The ISS used for the LRRM 
calibration is able to provide a broadband calibration standard (45 MHz -I 10 GHz), apart 
from the limits of the match standard, surface waves can be excited in the ISS4 beyond this 
frequency. An accurate calibration requires that all reflected and transmitted energy of the 
measured standards be accounted for, to allow the effects of the test fixture to be determined. 
When transmitted energy propagates in the way of surface waves within the dielectric, a 
reliable calibration cannot be achieved. This method of calibration is highly accurate 
however, de-embedding is not included in the calibration procedure and the measurement 
reference planes are set at the boundary of the probe tips (Fig. 3.14). De-embedding allows 
one to set the measured reference planes to reside at some physical location that exists beyond 
that of the test fixture (e. g. DUT on the substrate). 
Multiline TRL 
calibration reference 
planes 
LRRM calibration 
reference planes 
Figure 3.14 Calibration reference planes 
4 LRRM calibration substrates for use at higher frequencies can be obtained, but were not available 
during the course of this work. 
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3.5.3 Thru-Reflect-Line 
The second method, Tbm-Reflect-Line (TRL) is based on the multiline method of Network 
Analyser calibration [65]. The process utilises algorithms developed by NIST in the form of 
the MultiCal software [67]. The method requires the measurement of transmission line 
standards that differ only in length, and an arbitrary reflection standard. The background of 
the multiline method is discussed in slightly greater detail as most of the measurements 
presented and extracted waveguide characteristics utilise the results obtained from this 
calibration procedure. 
The multiline method begins by measuring the uncorrected S-parameters of the available 
transmission line standards. The measurements acquired (All, (3.1)) are considered to be a 
cascade of the error box parameters and that of the transmission line [68]. 
M, =XTIF 
Y' is the cascade matrix of the transmission standard i and can be expressed as: 
(3.2) 
_ 
[EI -711 0 
0E 2 
MultiCal requires the user to input an estimate of the permittivity of the dielectric material (e,, ) 
and exact lengths of the transmission standards used Qj). From these inputs and the measured 
data MultiCal computes an estimate for the propagation constant, y,,,. With yat, MultiCal 
identifies a common transmission line to use at each frequency point for the forming of line 
pairs. 
, st and 
the length differences from the chosen line pairs, it analytically solves the Next, using y. 
eigenvalues; (E'i, Eý2) that will give the actual eAl values. After determining the correct 
eigenvalue for the assignment, it computes a best estimate of y and an equivalent 
' The over bar indicates that the matrix Y is defined to cascade right to left 
55 
representation of the relative permittivity E,,,. MultiCal performs S-parameter correction 
without having to know the actual ZO of the line standards, as all computations are done with 
reference to the relative characteristic impedance of the transmission line standards. 
This multiline method allows the process of de-embedding to be included in the calibration 
procedure, which is highly advantageous as measurements performed allow us to determine 
the characteristics of the waveguide, independent of the microstrip transition. To improve the 
accuracy of the TRL process, a total three different line standards are used (excluding the 
'Thru' and 'Reflect' standards). As the procedure for determiningy is based on the forming of 
line pairs for each frequency point, the lengths of the line standards are chosen to be a 
quarter-wavelength long at the start, mid and end frequencies for their respective waveguide 
bands (Fig 3.15). Increasing the number of line standards used refines the selection process in 
the forming of line pairs for each frequency point, and a more accurate value for Y can be 
obtained. 
Figure 3.15 Fabricated W band TRIL calibration standards 
56 
3.6 Waveguide S-Parameters 
The LRRM calibration standard sets the measurement reference planes to reside at the 
boundary of the Ground-Signal-Ground (GSG) probes used in the test fixture. Using this as a 
reference, measurements performed allow one to determine the characteristics of the 
microstrip transition and the designed matching transformer. As the available ISS could only 
be used for frequencies up to 110 GHz, measurements are presented for the V and W band 
guides. 
The TRL calibration standard positions the reference plane at the midpoint of the 'Tbm' 
waveguide standard. The TRL measurements taken allow one to determine the waveguide 
parameters (i. e. attenuation, and propagation constants), and material characteristics 
independent of the microstrip transition. 
3.6.1 LRRM Calibrated Measurements 
The LRRM calibration allows us to evaluate the performance of the waveguide and the 
microstrip transition. Fig 3.16 shows the measurements taken of V and W band waveguides 
of lengths 2.7 mm and 1.8 mm respectively. The measurements are in good agreement with 
simulated predictions. 
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Figure 3.16 Integrated transition measurements (a) V band, (b) W band 
Observing the return loss for both waveguides, it can be seen that the matching is centred at 
the mid-band of each waveguide's frequency range. As explained in section 3.3, matching 
performance can be improved by using a larger number of sections, however this will be done 
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at the expense of an increased insertion loss. The insertion loss measurement sits in good 
agreement with the simulated response. From the TRL measurements taken (presented in the 
following section) the loss per transition is found to be 0.27 dB and 0.49 dB for the V and W 
bands. 
V Band W Band 
hisertion loss (dB) -1 
Minimum return loss (dB) -9.7 -10 
Loss per transition (dB) 0.27 0.49 
F-Ir 7.87 7.88 
Table 3.3 V and W band wavegulde LRRM measurement summary 
3.6.2 TRL Calibrated Measurements 
TRL calibrated measurements were performed on V, W, D and G band waveguides. This 
calibration procedure allows us to determine the characteristics of the waveguides and more 
importantly, if the fine-line thick-film fabrication process can yield useable waveguide 
components. Due to the vast amount of data obtained, only the measurements taken from the 
W band calibration standards, and a summary of the other bands are presented in this chapter. 
Complete measurements for all other bands can be found in Appendix A. 
Fig 3.17 shows the measured insertion loss of the different guide standards. The 'Thru, 
indicates a loss of 0 dB, as should be expected after calibration, and the insertion loss of the 
line standards increase proportionally with line length. The return loss measurements (Fig. 
3.18) of all the standards indicate a performance of 20 dB or better across the guide band. As 
expected, the performance of the waveguides does deteriorate with increasing length, 
however, it should be noted that all the calibrated standards are able to achieve a return loss 
20 dB or better up to 160 GHz. 
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Figure 3.17 Insertion loss (S21) measurements of calibrated W band standards 
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Figure 3.18 Return loss (SI I) measurements of calibrated W band standards 
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Figure 3.19 W band reflect standard return loss measurement 
The other essential measurement of the TRL process is provided for by the 'Reflect' standard. 
This is achieved by using a waveguide short-circuit at the reference point identical to the mid- 
point of the 'Thru' standard. The return loss measurement (Fig. 3.19) shows a near perfect 
short circuit across the guide band. It should be mentioned that the metalised trenches used to 
form the guide walls are able to achieve isolation greater than 45 dB at W band. 
The insertion loss measurements of all the waveguides are of great interest, as this indicates 
the level of attenuation a propagating wave experiences. The measurements of the different 
guide bands (Fig. 3.20) do appear to indicate that the V and W band waveguides adapt 
extremely well to this fabrication process, unlike the waveguides fabricated in the D6 and G 
bands. However, several points need to be taken into consideration before a conclusion can be 
reached on D and G band waveguides. These are discussed on the following page. 
6 D-band measurements performed begin at 140 GHz, instead of I 10 GHz due to the lower cut-off 
frequency limit of the OML modules used. 
61 
0.0 
-1.0 
v 
-2.0 
1-- u 03 2 
-3.0 
-4.0 
V Band: Ike i WlBand D and 
--7 F 
-. 7 
G Ba? 
ýi 
50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 
Frequency (GHz) 
Figure 3.20 Measured insertion loss characteristics of I mm lines 
Firstly, the operating wavelengths in the D and G bands (Xg zO. 890 - 0.552 mm) are extremely 
small and highly susceptible to variations in probe placement during the calibration process. 
This affects the measurements taken during the TRL calibration, and subsequently the process 
by which yem is obtained. An incorrect approximation Of Yel which defines the calibration set 
used will affect the measurements performed. Regrettably, LRRM calibrated measurements 
could not be performed at these frequencies (due to the lack of a suitable calibration 
substrate), to serve as a comparison to the results obtained from the multiline TRL process. 
Secondly, the measurements performed in the D and G bands made use of the OML 
millimeter-wave extension modules. These modules are not produced by Agilent (which 
manufactures the VNA), they are however, designed to be 'compatible' with the 851OXF 
measurement setup. Default settings on the VNA were altered to facilitate the integration of 
the OML modules with the VNA. Although these changes were done in accordance with the 
manufacturer (OML) recommendations, there was no method of verifying the integrity of the 
setup. 
Finally, there is no known established procedure for measurements taken of thick-film circuits 
at these frequencies, and the accuracy of the TRL calibration procedure can be questioned on 
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such an occasion. Hence, for a concept still in its developmental stage, the obtained 
measurements are considered encouraging. Despite the results of the calibration procedure 
being such, waveguide filters have been fabricated and successfully measured in the D and G 
bands, these are presented in chapter 4. 
Band Attenuation (dB/mm) 
v 0.17 
0.29 
D -0.80 
-1.05 
Table 3.4 SIW insertion loss summary 
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3.7 Waveguide Characteristics 
MultiCal computes the relative permittivity attenuation constant (a), phase constant (P), 
and relative impedance (7, pv) of the measured waveguides. These values are determined from 
the value of y determined during the calibration process. In this section these measured 
characteristics are presented and compared with calculated values [1] for the given waveguide 
dimensions. 
(3.3) 
y=a+jp 
(3.4) 
Ivor 
(3.5)7 ZF1, = 
P* 
3.7.1 Relative Permittivity 
The permittivity of a dielectric is described completely by its real and imaginary components 
(3.6) [1]. The real component determines the propagation velocity and also the wavelength of 
the propagating wave. The imaginary component is responsible for the loss experienced by 
the propagating wave; both c' and e" are functions of frequency. To accurately determine the 
relative permittivity of a dielectric at n-iillimetric-wavelengths is a complicated task. 
Professional standards bodies (e. g. NIST), which offer this service, only provide 
characterisation to a maximum frequency of 20 GHz. This fact highlights the complexity of 
the task, and the characteristics presented here should be considered an approximation of 
actual values. 
e= c'- je' = c'(1 -j tan, 5) (3.6) 
7 For all design purposes in this work the voltage - power impedance definition has been used 
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The real component e', (3.6) of the relative permittivity sits in excellent agreement with 
theoretical predictions (Fig. 3.21 (a)). The simulated values takes into account shrinkage of the 
waveguides 'a' dimension (0.890 mm) and indicates the HDIOOO dielectric material having a 
nominal permittivity of 7.88. 
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The imaginary component C, (3.6) accounts for loss in the dielectric. However, it should be 
noted that the value presented for e" is computed from the loss measurements taken of the 
calibration lines. This measurement is representative of total loss and does not distinguish 
between ohmic and dielectric losses. An approximate but simple method to account for these 
losses is presented at the end of the chapter. 
3.7.2 Phase Constant 
The phase constant (0) is the distance the travelling wave progresses in order to experience a 
phase shift of 2a radians. The phase constant must be real for any propagating TE or TM 
wave, and is defined for a rectangular waveguide in (3.7) (24]. 
16 = 
21r (3.7) 
Ag 
k2 (3.8) '-, 2 
where, 
(3.9) 
k= (Oj/1SCr 
(3.10) 
MultiCal computes the normalised phase constant from the calibration process. It is desirable 
to have the normalised phase constant maintained at unity, as this would represent a 
transmission line that has minimum dispersion. Dispersion is the effect of different 
frequencies travelling at different velocities along a transmission line. However, dispersion 
inevitably increases in the presence of a dielectric. Although dispersion is increased, the 
measured and calculated values for the normalised phase constants (Fig. 3.22) sit in excellent 
agreement. 
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Figure 3.22 Normalised phase constant 
3.7.3 Guide Impedance 
As mentioned in Section 3.4, MultiCal progresses through the calibration process with no 
prior knowledge of the characteristic impedance of the transmission lines being measured. In 
the data output section of the program, MultiCal computes an estimate value for the 
impedance of the transmission line from the scattering parameters measured. 
ZO 
Ic 
-1ý0 
The approximation in (3.11) [68] provides a suitable approximation for transmission lines 
where the fields are not completely bound (e. g. microstrip). The resulting change in field 
distribution brought about by the relationship between &,., and frequency effects a change in 
the line impedance. Even though the relative permittivity of the dielectric material changes 
with frequency, (3.11) does not represent the characteristic impedance of a rectangular 
waveguide. The characteristic impedance of rectangular waveguides decreases with 
increasing frequency. 
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Figure 3.23 Waveguide impedance (simulated and measured values) 
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in addition to the impedance value obtained from MultiCal Fig. 3.23 illustrates the impedance 
values obtained from two different simulations. The first, the expected waveguide impedance, 
is obtained by modelling a waveguide structure on its own without the use of any transitions 
in 14FSS. This gives the true impedance of the waveguide structure, based on the waveguide 
dimensions, and permittivity of dielectric material. The second models the complete structure 
including microstrip transitions used for probing. The impedance reference shown is taken 
from the mid-point of the waveguide after de-embedding the solved S-parameters. it is 
evident that the results of the second simulation, or that of MultiCal, do not depict the true 
impedance characteristic of the waveguide. 
This is due to the fact that the measured impedance characteristic of any component is a 
function of the measured reflection parameters. Despite the calibration process and de- 
embedding performed, the presence of the microstrip transition will influence the measured 
result. The measured impedance will always reflect a combination of the waveguide and 
microstrip impedances. Hence, the discrepancy between the measured and predicted values is 
not due to an error during the design or measurements stages, rather it is a combination of the 
effect inherent in the measurement of reflection parameters, and that of the approximation of 
impedance value made by MultiCal (3.11). 
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3.8 Attenuation Constant 
The attenuation constant gives a measure of the amount of loss experienced by the 
propagating wave. Losses in the waveguide can be broken down into conductor (CLC) and 
dielectric (CO losses. As explained in an earlier section, dielectric losses are proportional to 
the tan 5 of the dielectric material. Conductor or ohmic losses are due to the finite 
conductivity of the waveguide walls. Conductor losses are further increased at millimeter- 
wave frequencies, where skin depth (8j decreases [1]. Surface currents then experience 
increased attenuation due to the surface roughness of the conductor. 
2 
O)pc7 (3.12) 
cou 
where a is the conductivity 
This is of concern as a key feature of thick-film technology is surface roughness of dielectrics 
and conductors; a certain amount of roughness is engineered into materials to promote 
adhesion between layers. Also, in the case of SlWs, an additional contribution to 'surface 
roughness', as seen by the wall currents, arises from any misalignment (Fig. 3.24) that occurs 
during multi-layer processing. 
Surface roughness 
and misalignment 
of layers in side 
walls, cý \ 
*---, 
tan 6 of layered 
dielectric, ad 
Surface roughness 
of top and bottom 
conductors, a, 
Figure 3.24 Loss mechanisms in the multi-layered structure 
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The measured attenuation does not allow one to distinguish between the two (ac, ad) as the 
measured results only reflect total loss. For most cases, it is sufficient to know the total 
amount of loss. However, as SIWs are relatively new, it would be useful to understand the 
loss mechanisms that function in these waveguides. In this section a method for determining 
the loss characteristics of these components is presented. 
atotal =ad + ac (3.14) 
In order to separately determine the conductor loss and dielectric loss (3.14), one must have a 
prior knowledge of either the power loss experienced by the conduction current, or the tan 8 
of the dielectric material used across the range of frequencies of interest. 
To account for the conductor losses (3.15) one must be able to determine accurately the 
surface roughness of the conductor, and the skin-depth at the operating frequencies. The 
current density must then be integrated over the path of travel, an almost impossible task 
given that the surface roughness characteristic of the conductor may be irregular. This is 
further complicated in the case of the waveguides examined, as the entire structure is 
embedded in the dielectric and the sidewalls will have a different surface roughness value 
when compared to the top and bottom walls (Fig. 3.24). This virtually rules out the possibility 
of using power loss in the conductor to compute a,. 
a+ 2b(f 
2 
Rs f 
ac = 
c2 
(3.15) 77 7, 
abfl 
where, 
17 = 
Fllojeo' 
T E10 cutoff frequency 
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Next we consider the loss experienced due to the presence dielectric material. In order for one 
to accomplish this, a prior knowledge of the dielectric loss tangent is needed across the 
frequencies of interest. The loss tangent of any dielectric material varies with frequency, and 
this relationship can be rather complex at millimeter-wavelengths [24], hence ruling out this 
option. 
k' tan, 5 ad "': 
2,8 
where, 
k= jp-ococr 
(3.16) 
In order to distinguish between ct, and ad, it is proposed that measurements be done on 
waveguides of two different heights. Due to the nature of wave propagation in rectangular 
waveguides, dielectric losses (3.16) remain a function of the permittivity of the dielectric 
material (real and imaginary), and frequency, none of which change with varying the 'b' 
dimension of the waveguide (dominant mode propagating). 
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Figure 3.25 Curve-fit of measured attenuation 
105 110 
71 
However, conductor losses (3.15) are dependant on the height of the waveguide, hence any 
change in the measured attenuation can be attributed to a change in the conductor loss of the 
waveguide. Firstly, equations for the losses of a 60 gin guide and 30 pm guide are defined, 
using (3.14)-(3-16). Next, the variables associated for the dielectric and conductor losses (tan 
8 and Rj are solved for by means of simultaneous equations. Prior to these measurements 
being used as solutions to the above equations, it is necessary for a curve-fit of the measured 
data to be taken (Fig. 3.25). Although the surface resistance R, is in effect a constant, it is 
used as a variable to model the change in ohmic losses experienced at millimeter- 
wavelengths. Due to the nature of the frequency band at which the measurements are taken, 
the measured attenuation displays a certain amount of variation about its mean value. 
Equation (3.14) is solved for R. and tan 8 by equating the solutions for the 60 Rm and 30 Pm 
guides to the curve-fitted data of their respective losses. The results in Fig. 3.26 show the 
conductor and dielectric losses separated, although it is not possible to reconcile these 
calculations with exact values, as the actual tan 8 of the material is unknown. The loss 
characteristics however are in agreement with expectations. 
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Figure 3.26 Conductor and dielectric losses separated 
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After determining P, the conductivity of the guide walls can be determined. Observing the 
losses (Fig. 3.26) it can be seen that the dielectric losses are relatively constant across the 
guide band, conductor losses however, increase sharply toward the end of the fundamental 
mode. This data will be useful and can be incorporated in the modelling of future designs. 
This method of analysis, though innovative, has some limitations due to assumptions made: 
I. Minute variations in the fabrication of the 60 pm and 30 pm guides have been 
neglected. 
Any variations in the calibration and measurement of the waveguides have also 
been neglected. 
Due to H, approximations need to be made during the curve-fit process and this 
bears an influence on the interpreted loss characteristic of the waveguides. 
In addition, it should be added that the analysis is based on results obtained using the multi- 
line TRL process. This process is frequency dependant and hence the need for using three 
guide standards for the calibration process. It is understood that using a larger number of 
calibration standards will enhance the way by which MultiCal determines the propagation 
constants, and hence improve the accuracy of the calibration. In which case a more accurate 
attenuation characteristic can be obtained, improving the analysis undertaken. 
Material W Band 
Dielectric, tan 8 0.027 - 0.056 
Silver, conductivity, a 5.3 x 107 _ 1.58 x 107 S/M 
Table 3.5 Physical properties of waveguide materials 
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3.9 Conclusion 
The design of the SIM, and the different modes of propagation have been presented. The 
fabrication of rectangular waveguides has been adapted to the photoirnageable thick-film 
process described in chapter 2. The physical characteristics of the waveguide have been 
examined, including a cross-section illustrating the internal structure of a fabricated W band 
waveguide. 
S-parameter measurements of the different waveguide bands have been presented and 
discussed. These measurements demonstrate that the microstrip, transition used is able to 
excite the fimdamental mode of the rectangular waveguide, and hence is suitable for 
integration. TRL calibrated S-parameter measurements show the waveguides have a low 
insertion loss of 0.17 dB/mm and 0.29 dB/mrn for the V and W band standards, that of the D 
and G band guides is found to be slightly higher at approximately 0.8 dB/mm and 1.05 
dB/mm. The waveguides are also able to maintain 20 dB return loss up to 160 GHz. In 
addition to these results, the relative permittivity, attenuation constant and phase constant 
measurements have been presented and shown to be in agreement with predicted values. 
From analysing the measured attenuation of guides with different heights, the loss 
mechanisms present in the dielectric-filled rectangular waveguide has also been presented. 
In comparing results obtained here with the some of the work done by other authors we are 
able to gauge the potential for this transmission line to operate at millimeter-wavelengths. 
Firstly, the Inverted Overlay CPW line [8] that requires a controlled electroplating process 
was able to achieve only a slight improvement in insertion of 0.2 dB/mm up to W band 
frequencies. Secondly, considering the initial work done on SIWs that operated at millimeter- 
wavelengths [18], the waveguide structures then reported insertion losses exceeding 20 dB. 
The work presented here has demonstrated a significant reduction in losses experienced by 
the waveguides. From the measured results, one can confidently conclude that the SIWs have 
significant potential for use in the 50 -I 10 GlIz range. In the case of the D and G band 
waveguides, measured performances sit in agreement with predictions up till approximately 
160 GHz. Beyond 160 GHz, the computed MultiCal transmission line constants deviate 
significantly from their theoretical ideal, and a more exhaustive characterisation of these 
waveguides is needed. 
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Chapter 4 
Waveguide Filters 
4.1 Introduction 
Filters are one of the components a microwave design engineer will expect to have at his or 
her disposal in designing integrated receiver modules. Already having demonstrated the 
accuracy to which waveguides can be fabricated using the photoimageable process, the 
manufacture of waveguide filters is now presented. Resonant cavity waveguide filters are 
easily realised using the thick-film fabrication process. The first part of this chapter describes 
the design and modelling of the filters. Key issues in relation to the modelling of resonant 
cavity filters are discussed, and a summary of the design procedure is presented. Bandpass 
filters have been designed at frequencies of 60,77,94,150, and 180 GHz. In the final part of 
this chapter, the filter response measurements are presented. 
The measured results of the filters sit in good agreement with predicted values. This 
demonstrates that the modelling of structures fabricated using the given process can be 
performed accurately with existing methods. The performance of these filters will be shown 
to be superior or at least comparable to filters fabricated using complex micromachining 
techniques, unequivocally demonstrating the potential of SIWs for use at millimeter-wave 
frequencies. The results presented on the 180 GHz filters are believed to be the first for filters 
fabricated using thick-film technology. 
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4.2 Filter Design 
4.2.1 Bandpass Filters 
The design of any microwave filter begins with the lowpass filter prototype. From the 
lowpass prototype, highpass, bandpass or bandstop filter responses can be synthesised. This is 
accomplished by applying a suitable transfer function to the lowpass network. In this section 
the design of a bandpass filter is described, this model is further expanded to an inverter- 
coupled filter. The elementary lowpass filter network shown (Fig. 4.1), uses the component 
prototype values gk shown in Appendix C. 
L2ý& 
[Rj.. 
=9o C; =g, c =9. R.; =g, 1: 2, 
T" 
Figure 4.1 Lowpass filter prototype 
The lowpass filter has a transfer function as shown in Fig. 4.2(a). In order for this to be 
expanded into a filter that provides a bandpass response (Fig. 4.2(b)), a mapping function is 
applied to the lowpass prototype. The function maps the normalised cutoff frequency (a)=+]) 
of the lowpass filter, to an arbitrary upper cutoff frequency (02) of a bandpass filter, and the 
imaginary cutoff frequency of the lowpass filter (co=-]) to an arbitrary lower cutoff frequency 
((oj). The mapping of the lowpass to a bandpass response can be achieved by applying the 
following transformation [69]: 
w --> a( 
0- w) 
c00 Co (4.1) 
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Figure 4.2 Frequency mapping of filter characteristics 
Equating the mapping transformation to +1 and -1, the normalised upper and lower cutoff 
frequencies, we can solve for a and co, 
a)o (4.2a) 
0)10)2 
WO 
CO)l 
C02 (4.2b) 
where, 
a is the bandwidth scaling factor 
coo is the geometric midband frequency 
co I is the lower cutoff frequency 
0)2 is the upper cutoff frequency 
The mathematical manipulation of the response is realised in practice by applying the 
mapping function (4.1) to the lumped elements L, and C, of the lowpass prototype. The result 
of this operation gives the bandpass equivalent components (Fig 4.3), and develops the 
bandpass filter model (Fig. 4.4). The shunt and series resonant sections of the translated 
model will have a frequency response as shown in Fig. 4.2(b). 
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Figure 4.4 Bandpass filter model 
Although in theory a bandpass response can be achieved, the use of lumped elements 
becomes impr-actical at microwave and millimeter-wave frequencies. The shortening 
wavelengths introduce a limitation on the allowable physical size of components used. Filters 
comprised of distributed elements then become the obvious solution. Transmission line 
sections and discontinuities embedded within can be used to embody the characteristics of the 
lumped elements shown in Fig. 4.4. It should be noted, however, that in the case of 
transmission line filters the simultaneous realisation of shunt and series resonators is not 
always possible. This problem is overcome by using a single type of resonator in conjunction 
with an inverter. The inverter provides an image of the impedance seen at its terminals. The 
properties of an impedance inverter and inverter-coupled filters are covered in the following 
section. The accuracy to which the propagation characteristics of the SlW can be modelled 
has already been demonstrated in chapter 3. In this chapter, inverter sections are modelled in 
HFSS to achieve the required filter characteristics. 
L'= all(oo C'= I /aL(oo 
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4.2.2 Inverter Coupled Filters 
An inverter provides a phase shift of the impedance seen at its terminals, and can be classed 
as either J- (admittance) or K- (impedance) inverters. J- inverters are used with filter circuits 
that employ shunt resonators, and K- inverters are used in conjunction with filter circuits 
using series resonators. Transmission line filters are usually capable of implementing a single 
type of resonator, either shunt or series connected. Fig. 4.5 illustrates a circuit that employs 
K-inverters and series resonators. The resonant cavities (X. ((o)) duplicate the operation of the 
series resonator sections seen in the lumped element filter. Since the cavities used in 
waveguide filters are series connected, the properties and design of K- inverters are 
discussed; the reader is referred to [70] for a complete description on J- inverters, and shunt 
connected resonators. 
R 
Figure 4.5 Inverter coupled bandpass filter 
R. a 
The most basic impedance inverter can be realised by using a quarter-wavelength section of 
transmission line. However, such an inverter will have its function limited to a relatively 
narrow band, as when the length of the transmission line no longer approximates V4 of the 
chosen frequency, its inverting properties will cease to be relevant. 
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Figure 4.6 Impedance inverter 
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An impedance inverter can also be realised by embedding a shunt reactance (X, ) in a section 
of transmission line, of length 0 (Fig. 4.7). In relation to rectangular waveguides, inductive or 
capacitive reactances can be realised using H-plane or E-plane discontinuities respectively. 
Taking into consideration the fabrication process used, the realisation of E-plane 
discontinuities are impractical, as these would require a change in the height of the 
waveguide. Unfortunately, implementing changes to the vertical profile of the guide structure 
cannot be suitably achieved. However, the manufacture of H-plane discontinuities can be 
readily realised, as the implementation of discontinuities in the horizontal profile of the circuit 
can be accomplished lithographically. Fortunately, the 'limitation' of having to chose one 
type of discontinuity over another, as is dictated by the fabrication process, does not restrict 
filter performance in any way. On the contrary, shunt inductances provide a more broadband 
operation than the capacitive equivalent [69]. 
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Figure 4.7 Impedance inverter configurations 
The length of transmission line 4) required to complement the inverter function is dependant 
on the shunt reactance used and can be deten-nined from (4.3) [70]. In the case of a negative 
reactance (capacitive iris), (D assumes a positive length and is added to the length of the 
adjacent resonator sections. When the reactance is positive (inductive iris), the length required 
for the inverter section takes on a negative value; adjacent resonator sections absorb this 
negative length. 
0j, j+1 = -tan -1 
2Xj, j+j radians zo (4.3) 
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The change in the electrical length of the cavity is described by (4.4), in which the required 
lengths for the inverter sections are either subtracted from or added to the length of the cavity. 
The physical length of the cavity is then determined using (4.5) [70]. The H-plane 
discontinuity introduced is inductive in nature and can be formed either as a symmetrical or 
asymmetrical window along the cross-section of the waveguide. 
I 
tan 2 
X1,1+1 
+ tan-' 2 
Xi+], 
i+2 
radians (4.4) 2 zo zo 
oAgo 
m 
(4.5) 
27r 
Fabrication of a symmetrical window would result in a window of finite width, dictated by 
the minimum via dimension (75Rm) of the fabrication process. This would result in increased 
losses and further complicate the design process, as the model would no longer approximate 
the simple lumped-element model shown in Fig. 4.7(a). Series reactances that arise in the 
branches of the model will have to be accounted for in the filter design. However, an 
asymmetrical window can be realised without introducing a physical length to the filter, and 
thus was chosen (Fig 4.8). The asymmetrical window has an equivalent circuit identical to 
that of the intended design (Fig. 4.7(a)). 
Iris requires a 
finite thickness 
(a) 
Iris realised with 
zero thickness 
(b) 
Figure 4.8 Inductive iris (a) Symmetrical, and (b) Asymmetrical window 
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The reactance (X4i. l) required for each inverter section of the filter is calculated from the 
coupling coefficients (kii,,, &, I) , which represent the external and internal coefficients 
respectively [70]. The coupling coefficients are derived from the Chebyshev prototype values 
(Appendix Q. The required reactances are realised using the displaced waveguide junctions 
described earlier. The method of characterising the displaced waveguide junction is explained 
in the following section. This permits the calculated reactance values to be translated to 
physical dimensions for the respective waveguide structures. 
Kj, j+j 
Xo+l ZO 
ZO 
_(Kij., ZO 
ki, i+l 
ZO 2 Tjgj+j 
7g=, 
g ZO 2 
Agl - Ag2 
Ago 
whcre, 
external coupling 
internal coupling 
guide wavelength 
, 
tactional bandwidth 
10, Is,, 1,2 are the guide wavelengths relative to the frequency 
components defined in (4.2) 
(4.6ý 
(4.7a) 
(4.7b) 
(4.7c) 
8 Equation (4.6) is used to calculate the required reactance for the internal and external coupling 
coefficients. 
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4.2.3 Displaced Junction Characterisation 
In order to achieve the desired filter response, the displaced waveguide junction used has to 
be accurately characterised. The equivalent inductance of the window is a function of the S- 
parameters of the particular structure. The structure is modelled in HFSS to relate the required 
reactances calculated using (4.6) to appropriate physical dimensions (i. e. waveguide 
displacement). The reactance of a displaced waveguide junction can be calculated using 
closed form equations as described by Marcuvitz [71], however, the results of closed form 
equations are often only approximations of the actual values. The results obtained from HFSS 
are considered to be more accurate as they are obtained from a full-wave 3D electromagnetic 
solution. Use of full-wave analysis allows one to accurately define the scattering that occurs 
for any given displacement. The defined model is solved at the chosen frequency, and the S- 
parameter data obtained is de-embedded to the position of the displaced junction. The 
impedance matrix is then calculated, this yields the reactance of the displaced junction [I]. 
Characterisation was performed on displaced waveguide junctions, for the different 
waveguide bands, at their respective target frequencies. The normalised results of these and 
the calculated value using the Marcuvitz model are shown in Fig. 4.10. The Marcuvitz model 
does approximate the reactance values extracted from the HFSS models. However, in order to 
ensure that the desired frequency responses are achieved, and the designed filters dissipate a 
minimum amount of power, an accurate characterisation of waveguide displacements is 
needed. This is especially true when the objective is the design of filters operating at 
millimeter-wavelengths, as small changes in physical dimensions can have a detrimental 
effect on filter performance. 
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Figure 4.9 HFSS model for displaced waveguide junction 
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Figure 4.10 Reactance of displaced waveguide junction 
4.3 Waveguide Filter Design 
The filters designed are used to demonstrate the viability of this particular fabrication 
technique to realise components that can operate in the microwave and millimeter-wave 
bands. Two sets of 4" order filters, 0.0 1 dB and 0.1 dB ripple, were designed at the respective 
target frequencies, with a 5% bandwidth. 
Using the equations (4.2)-(4.7) defined in the previous section, the required coupling 
coefficients and resulting inverter reactances are determined. The inverter reactances are 
translated to their physical dimensions after modelling a series of displaced junctions in 
HFSS. This gives the required window dimension (d) for each inverter section. The adjacent 
resonant cavity sections absorb the length of transmission line required by the inverters. This 
results in transmission line sections of length (1, ) forming the resonator sections, which are 
slightly shorter than V2 of the passband frequency. The resulting structure and design 
procedure are summarised on the following page. 
5 
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3.1 Design Procedure 
The required order of the filter and the respective Chebyshev 
polynomials are chosen. (Appendix C) 
Calculate the guide wavelength fractional bandwidth from (4.7(c)) 
(iii) Calculate the geometric midband guide wavelength, Xvo from (4.2(b)) 
(iv) With the center frequency and bandwidth specified, determine, 41, XO. 
(v) With the results from (i) and (ii) the internal and external coupling 
coefficients are calculated using (4.7(a), (b)) 
(vi) The coupling coefficients are used to realise the required inverter 
reactance values using (4.6) 
(vii) With the required inverter reactance values known, the lengths of the 
respective adjacent resonator sections are compensated using (4.4) 
(viii) The calculated values for the required reactance is related to its 
physical displacement (di.. d, -, ) using the values extracted from HFSS 
(ix) The physical lengths (1j.. I, ) of the cavities are determined using (4.5) 
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Figure 4.11 Resonant cavity filter layout 
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4.4 Measured Results 
In this section, the measured and predicted responses of the designed filters are presented. 
The measurements presented used the multiline TRL calibration procedure discussed in 
chapter 3 [65]. The calibration procedure thus compensates for losses introduced by the test 
fixture and microstrip to waveguide transitions. This gives an accurate account of each filter's 
perfortnance. Due to the vast amount of data, only the responses of the 0.01 dB filters are 
shown here, that of the 0.1 dB ripple filters are presented in Appendix D. A summary of both 
sets of filter performances is shown in Tables 4.1 and 4.2. In accord with expectation, the 0.01 
dB ripple filters exhibit a lower insertion loss, and the 0.1 dB ripple filters have better roll-off 
and are better able to keep to the passband bandwidth limitation of 5%. Both sets of filters sit 
in good agreement with simulated predictions with measured responses within 3% of the 
designed passband values. 
Frequency 
(GHz) 
Min 
insertion 
loss (dB) 
Filter 
length 
(MM) 
f, (GHz) 
(measured) 
f2 (GHz) 
(measured) 
f, (GHz) 
(designed) 
f2 (GHz) 
(designed) 
BW 
% 
60 3.20 4.087 58.06 62.44 58.50 61.50 7.3 
77 3.73 3.590 74.60 80.20 75.075 78.93 7.3 
94 3.32 2.539 90.60 97.50 91.65 96.35 7.3 
150 3.73 1.543 144.00 156.00 146.25 153.75 8.0 
180 3.90 1.317 175.60 188.20 177.45 186.55 7.0 
Table 4.1 Measurement summary 0.01 dB ripple filters 
Frequency 
(GHz) 
Min 
insertion 
loss (dB) 
Filter 
length 
(IMM) 
f, (GHz) 
(measured) 
f2 (GHz) 
(measured) 
f, (GHz) 
(designed) 
f2 (GHz) 
(designed) 
BW 
% 
60 4.21 4.210 58.44 62.00 58.50 61.50 5.9 
77 4.35 3.728 75.50 79.90 75.08 78.93 5.7 
94 4.21 2.610 91.30 96.80 91.65 96.35 5.8 
150 4.82 1.584 146.00 155.00 146.25 153.75 6.0 
180 5.08 1.354 174.40 185.6 177.45 186.55 6.2 
Table 4.2 Measurement summary 0.1 dB ripple filters 
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Figure 4.12 Four-pole 0.01 dB ripple 60 GHz filter (a) magnitude, and (b) phase response" 
9 Dielectric nominal permittivity of 7.88, tan 6 =0.004, silver conductivity of 4.9 x 107 S/M 
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The measured and simulated results of the 60 GHz filter are shown to be in good agreement 
with each other. No significant difference was observed between the designed and fabricated 
dimensions. However, the permittivity of the dielectric had to be adjusted to a value of 7.88, 
as opposed to the initially assumed value of 8. The filter has an insertion loss of 3.2 dB, and a 
3-dB bandwidth of 4.38 GHz. The performance of this filter and those designed at other 
passbands are compared to similar work (at identical frequencies) published by other authors. 
The first is a dielectric waveguide filter, fabricated using an alumina substrate [72], the 
measured response showed an insertion loss of 3.2 dB and a 3-dB bandwidth of 3 GHz. The 
filter was fabricated on an alumina substrate that was 250 pm thick; with sidewalls and 
resonator sections formed using metalised via-holes. Undoubtedly, the substrate thickness 
contributed to lower ohmic losses of the waveguide filter. The limitation of this filter lies in 
its use of metalised via-holes. Although a low-loss filter was successfully fabricated at 60 
GHz, the same configuration cannot be adapted to operate as well at shorter wavelengths, one 
would have to contend with radiation losses, and increased dissipation through the inductive 
irises. 
Next, drawing on the benefit of low-attenuation offered by the novel microshield line, the 
authors of [12] designed and fabricated a 4-pole filter centred at 61.5 GHz, with a 3-dB 
bandwidth of 4.92 GHz, and an insertion loss of 1.5 dB. In addition to the low attenuation, the 
measured and simulated performances are shown to sit in good agreement with each other. 
The cost of such outstanding perfomiance is an elaborate fabrication procedure needed to 
construct the filter, described in section 1.2 of chapter 1. 
Finally, the inadequacies of the standard microstrip coupled line filter [73], and standard 
processing techniques appear at millimeter-wave frequencies. The filter was fabricated using 
a direct screen-print LTCC process. The filter has an insertion loss of 5 dB and a return loss 
of approximately 10 dB and is highlighted to demonstrate the need for novel processing 
techniques if filters are to be designed at millimeter-wave frequencies. 
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Figure 4.13 Four-pole 0.01 dB ripple 77 GHz filter (a) magnitude, and (b) phase response"' 
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Both of the W band filters sit in good agreement with simulated predictions. In the 77 GHz 
filter, the re-entrant mode can be observed as it manifests itself at the end of the measurement 
spectrum. This is when the next higher order mode TE102 of the resonant cavity occurs (115 
Gliz). The performance of this filter is comparable to [74], an iris-coupled rectangular 
waveguide filter. The filter was fabricated using a proprietary (M/A-COM) MMIC fabrication 
process on glass, which has a permittivity of 4, and loss tangent of approximately 0.002 at 77 
GHz. The filter had a3 dB insertion loss and a bandwidth of approximately 5.7%. This is 
better than the measured performance of the thick-film filter, with the lower losses attributed 
to the thickness of the glass (127 pm) and the lower loss tangent of the material used. 
Another novel filter designed using coplanar stubs on a thin-membrane [75] is reported to 
have achieved insertion loss of 2 dB at 77 GHz. However, from the measurements presented 
it is difficult to conclude if the measurement procedure was erroneous or such irregularity was 
inherent in the filter's response. 
'Me use of coplanar stubs for W band filters has been investigated by [76]. The filters were 
fabricated on GaAs using an MMIC process. Although filters were successfully realised and 
measured, the results did show the difficulty in accurately modelling the behaviour of Cpw 
structures at millimeter-wave frequencies. Also in terms of filter development such 
technology does not allow the level of selectivity required, reporting passband bandwidths 
between 22% and 58%. 
once again, the characteristics of the membrane microshield line are drawn upon in [I I]. The 
simulated and measured responses sit in good agreement. The measured response of a 94 GHZ 
filter demonstrated an insertion loss of 3.6 dB and a 3-dB bandwidth of 6.1%. Such 
performance is only slightly better than the results obtained in this work using the resonant 
cavity filters. When one considers the level of complexity of the fabrication processes 
employed, it is difficult to justify the improvement in performance of the membrane 
microstrip line over that of the thick-film waveguide. 
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The measured results of both the D and G band filters sit in good agreement with simulated 
predictions. A slight deterioration in performance is observed in the G band filter. This is to 
be expected, as problems due to measurement sensitivity and design accuracy become all the 
more apparent at the higher millimeter-wave frequencies. It is difficult to separate the effects 
of one from the other and conclude either the fabrication or the measurement process hold 
greater responsibility for the drop in performance. Issues such as probe placement, and minute 
variations that may have been present between waveguide standards would have contributed 
to errors occurring during the TRL process. In addition to which, the noise observed at the 
upper end of the spectrum was known to be an effect of the measurement setup, as the same 
characteristic was present even when 'Thru' lines were measured. Regrettably, the use of an 
LRRM calibration was not an option due to the lack of a suitable calibration substrate. The 
ability to perform an LRRM calibration would have helped in diagnosing the source of the 
problem. 
However, despite the problems encountered, the measurements presented on the 180 GHz 
filter are believed to be the first of its kind using thick-film technology. In addition, the 
agreement between the simulated and measured results show that the performance of these 
structures can be predicted accurately using HFSS up to 180 GHz. Achieving this, and an 
insertion loss of 4dB, has truly demonstrated the potential of thick-film fabrication techniques 
for a new class of millimeter-wave circuit applications. 
Figure 4.17 Fabricated 180 GHz waveguide cavity filter 
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4.5 Conclusion 
In this chapter, the design of waveguide cavity filters has been presented. It has been shown 
how a bandpass response is synthesised from the elementary lowpass filter prototype. The 
lumped element model of the bandpass filter was translated to a filter using distributed 
elements. Realisation of millimeter-wave filters is possible only with the use of distributed 
elements in the form of transmission line sections. The use of impedance inverters was chosen 
to suit the transmission line configuration used. The procedure for calculating the required 
dimensions of the inverter-coupled filter has been described. The required coupling values 
were accurately determined with the aid of BFSS. The full-wave analysis performed proved 
to be extremely accurate in extracting the equivalent inductance values of the asymmetrical 
H-plane offsets. Bandpass filters operating at 60,77,94,150, and 180 GHz have been 
designed and fabricated, with their measured responses shown to be in good agreement with 
simulated predictions. 
The feasibility of fabricating microwave and millimeter-wave filters using the thick-film 
photoimageable process has been demonstrated. The measurements taken are extremely 
encouraging and verify the robustness of the design and fabrication processes undertaken. The 
achievements of this work have also been highlighted in comparison to results obtained using 
more complex fabrication techniques. 
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Chapter 5 
5 Millimeter-wave Antennas 
5.1 Introduction 
In I this chapter two different types of antenna for use at millimeter-wave frequencies are 
presented. Both are fabricated using the fine-line thick-film fabrication process, with the 
intention of realising integrated receiver modules. The first antenna presented is a resonant 
slot antenna, which is realised on the broadwall of a SIW. This configuration presents itself as 
a natural extension of the work already done on waveguides and filters. The second is a2x2 
patch antenna array that uses a microstrip corporate feed network. The patch antenna is well 
understood and can be readily adapted to the thick-film process. 
The design and modelling of both types of antenna is accomplished with the aid of HFSS, and 
Momentum. The Advanced Design System (ADS) is used to design the patch antenna's feed 
networL The process by which this is done, and limitations of the process are discussed. A 
test fixture constructed to facilitate measurement of the radiation patterns, using an on-wafer 
measurement technique is described. The return loss and radiation pattern measurements 
taken are presented and these results are discussed at the end of the chapter. 
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5.2 Waveguide Slot Antennas 
5.2.1 Principle of Operation 
A rectangular waveguide excited by its dominant mode can be shown to have broadwall 
surface currents of the form [80]: 
; zx fia ,. ; zx oc i Cos zsin- 
a 7r a 
From (5.1) it can be seen that the surface current at the center of the broadwall (x = a12) is 
dominated by its z component. A longitudinal discontinuity (e. g. a slot) in this position is only 
able to disrupt a small amount of the surface current. The radiation resulting from the 
presence of this discontinuity is minimal. If the slot is moved further away from the 
centreline, where the surface currents are predominantly x-directed, and transverse to the 
longitudinal slot an increased amount of radiation will occur. This is the principle on which 
slot waveguide antennas operate. 
Current is in the z-direction 
Current is in the x-direc 
b 
y 
Artý z 
Figure 5.1 HFSS simulation of waveguide surface currents 
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5.2.2 Single Resonant Slot 
The radiating slot on the broadwall of the waveguide presents itself as a load on the 
transmission line. The impedance of this load is dependant on the slot dimensions, offset from 
the guide centreline and also the characteristics of the waveguide on which it resides. The 
single broadwall-resonant slot can be represented by an equivalent shunt conductance (Fig. 
5.2). An extensive amount of research [8l]-[85] has been done on the characteristics of 
broadwall radiating slots. It is crucial that the self-admittance of the slot be modelled 
accurately prior to implementing the design of a functioning antenna. This is once again due 
to the fact that dimensional sensitivities of the designed components play an important role at 
millimeter-wavelengths. 
Figure 5.2 Slot equivalent circuit 
The self-admittance of a slot can be determined by methods of rigorous mathematical analysis 
[86] (e. g. FDTD, MOM). Such analysis is beyond the scope of this work and an alternative 
method has been employed. A full-wave electromagnetic simulation is carried out on a slot 
residing on the broadwall of a SIW in HFSS. The self-admittance of the slot is determined 
from the scattering parameters obtained. Modelling the structure correctly, by including the 
finite thickness of the slot, permittivity, and reduced height of the waveguide yields accurate 
results required for the design of resonant slot antennas. An additional factor taken into 
consideration during simulation was the use of Perfectly Matched Layers (PMLs) in defining 
the boundaries of the solution area. In the modelling of radiating structures, PMLs prevent the 
radiated signal from being reflected by the boundaries of the simulated model. The PML 
layers are always maintained at a minimum distance of Xo/5 away from the radiating slot. Use 
of conventional perfectly conducting boundaries results in reflections being re-directed 
toward the model. This reflected energy could be re-directed into the slot and will result in an 
inaccurate scattering matrix solution, thus affecting the perceived self-admittance value of the 
slot. 
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Figure 5.3 Two-port HFSS slot model 
The solved 2-port S-parameters of the structure shown in Fig. 5.3 are de-embedded to the 
reference plane below the slot. The admittance matrix is calculated from the de-embedded 
results, from which Y12, the transfer admittance, represents the self-admittance of the slot. 
The slot is 'resonant' when its admittance becomes purely real (i. e. jB = 0). A trend for the 
self-admittance property of the slot in relation to the proposed waveguide structure is studied 
and presented in a later section. In the initial design phase, an experimental model of a single 
resonant slot for antennas functioning at 60 GHz and 94 GHz is designed and tested. The 
measured results are illustrated in Fig. 5.4. A TRL calibration was performed prior to 
measuring the return loss of the waveguide slot antennas. 
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Figure 5.4 Return loss, single resonant slot; (a) 60 GHz, (b) 94 GHz 
The return loss measurements of both antennas do not sit in good agreement with the 
simulated predictions. Adjusting the simulated model to account for shrinkage and a shift in 
the permittivity of the dielectric (from initial expectations) did not bring the results to be in 
agreement with measured values either. It was recognised that a misalignment in the upper 
conductor (on which the slot is formed) significantly influences the self-admittance of the 
slot. This misalignment is subject to the level of consistency maintained during the fabrication 
process. 
y 
'e% zx Designed slot 
Resulting 
misalignment 
Misalignment 
of top metal 
layer 
Fabricated slot 
Figure 5.5 Top metal misalignment 
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This misalignment would not pose a problem if the slot could be formed along with the 
waveguide sidewalls in a single step. However, this is not the case with the multi-layered 
processing technique employed. The strong dependence the radiating slot has on its self- 
admittance is a limiting factor of resonant slot antennas fabricated using the proposed method. 
The problem of slot misalignment in the fabrication process was anticipated, and to qualify 
the impact it would have on antenna performance, offsets (in the x-direction) of 10 gm, 20 Pm 
and 40 gm were introduced with reference to a slot that was expected to be resonant at the 
intended frequency. The measured results of these indicate the limitations imposed by such 
antenna to function in the millimeter-wave range. 
Figure 5.6 60 GHz resonant slot antenna 
.1'". 
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Figure 5.7 Measured shift in resonant frequency (a) 60 GHz, (b) 94 GHZ14 
14 ± 10 gm slot offsets for the 60 GHz antenna were designed in error prior mask processing 
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In both the V and W band antennas return loss measurements indicate a significant shift in 
resonant frequency, a result of changing slot self-admittance with respect to slot position. In 
the W band antenna, a shift in position as small as 20 pm results in a frequency shift of 2 
GHz. Taking into consideration the narrow-band nature of these antennas, their strong 
dependence on slot positioning is detrimental. This characteristic is pronounced due to the 
extremely low impedance of the waveguides (19 - 14 n, V-band, and 30 - 20 0, W-band), 
which has an effect on the sensitivity of the radiating slot's self-admittance. Its effect is 
further explained in a later section where the self-admittance properties of the slot are 
investigated more closely. 
5.2.3 Slot Radiation Pattern 
In addition to the return loss, measurements on the radiation pattern of the single slots were 
performed on both antennas. Both sets of measurements (i. e. Return loss and radiation 
pattern) provide a more complete analysis on the capability of these antennas to function as 
useful circuit components. To measure the radiation pattern of the antennas, V and W band 
source modules were used to illuminate the respective antennas at 5' intervals over a ±90" 
range. The detected signal was measured by probing the antenna with a GSG probe. 
Source 
ýnL-cfioic: ihsorber material 
Spectrum analyser 
-900 
GSG probe 
fixture 
Figure 5.8 Radiation pattern measurement setup 
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This received signal is then down-converted using a sub-harmonic mixer, and the magnitude 
of the detected signal is displayed on a spectrum analyser. The power level of the detected 
signal is recorded to plot the radiation pattern of the antenna. Due to the provisional nature of 
the setup, power losses associated with connectors, probing and cables could not be accounted 
for. Hence, the radiation pattern measurements are presented with respect to normalised 
power. The recorded power levels were between -90 dBm and -120 dBm. 
The test fixture is enclosed within an anechoic box to minimise the effect reflections on the 
measured pattern. Limitations imposed by probing and the required angular movement of the 
source module only allowed E-plane measurements to be performed. The proximity of the 
GSG probe-to-coaxial adapter to the antenna on the -900 to 0" range is believed to have an 
effect on the measured pattern and is apparent in both measurements in that range. This effect 
is seen to be consistent with both the 60 and 94 GHz measurements taken. 
Performing measurements with GSG probes is a sensitive process, and any slight vibration 
offsets the probe resulting in a reduced power level of the detected signal. Secondly, it is 
essential that the distance between the source module and antenna be kept constant for the 
measured normalised power representation to be kept consistent. A frame was constructed 
that kept the module rigid and able to rotate in a ±90" arc, keeping the distance between the 
source and the antenna constant (-0-6 m). 
The radiation pattern measurements for both antennas (Fig. 5.9) are shown to be in agreement 
with simulated predictions. The radiation pattern measurements presented on the SIW 
antennas are believed to be the first for the millimeter-wave band. 
3 dB beam width 
Measured Simulated 
60 GHz 65' 80" 
94 GHz 65" 80" 
Table 5.1 Radiation pattern characteristics 
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Figure 5.9 Slot antenna E-plane radiation pattern measurements (a) 60 CHz, (b) 94 Gl-lz'ý" 
'5 Asymmetry observed in both measurements for the -90' to 0* range is due to reflections caused by 
the presence of a sub-harmonic mixer mounted on the probe head. 
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5.2.4 Slot Array Prototype 
The measurements of the single slot antennas were used to establish the viability of using 
resonant slot arrays in the millimeter-wave range. The results demonstrate that although these 
antennas function, the fabrication process limits the predictability of their performance. 
Ultimately, the goal of this undertaldng was to fabricate an array of resonant slots to function 
as the front-end of an integrated millimeter-wave receiver. Prior to designing the slot array, 
characteristics of the radiating slot in a SIW had to be finther investigated. While establishing 
the characteristics of the radiating slot, it became evident that the resonant conductance of the 
slot had a strong dependence on slot positioning. In this section, a 4-slot resonant array is 
designed and effects on slot-offset variations are examined. 
The design of air-filled waveguide slot antennas has been researched extensively with design 
equations and methods of optimisation already established. The design method presented by 
Stegen [87] was formulated based on measurements taken of resonant slots at various 
displacements in an air filled waveguide. The same method is adapted for use in a SIW, but 
first the resonant slot embedded in such a waveguide needs to be characterised. HFSS is used 
to characterise the resonant slot at 94 GHz, while accounting for physical parameters such as 
the thickness of the slot and height of the waveguide. Slot characterisation is performed along 
a number of slot offsets, so as to establish a trend for the resonant slot conductance and 
resonant slot length. Similarly, the conductance properties and length of a resonant slot in an 
air-filled waveguide is presented for comparison. 
It should be noted that in the case of air filled waveguides, the length of resonant slots (1, ) 
tends to be approximately half a wavelength long (W2). This length does not vary 
significantly (0.91, - 1.11, ) over different offset values (x,, ). The same does not hold true for 
the SIW. The resonant length is determined using an iterative process, beginning with an 
assumed slot length. Using the model shown in Fig. 5.3, the resonant length of the slot is 
determined over various displacements. The slot is 'resonant' when its susceptance is zero, 
after a solution for the three-dimensional model is obtained; the initial slot length is either 
increased or reduced until it is resonant at the chosen frequency. From the results of the 
simulations, a trend relating the resonant conductance of the slot to the slot offset, and one 
relating the resonant length to the slot offset are established (Fig. 5.11). The characteristic of a 
radiating slot in an air-filled waveguide is shown for comparison. The data is then curve-fitted 
to obtain equations that define these trends, so as to utilise the design method presented by 
Stegen. 
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Figure 5.11 Slot resonant length 
16 For the simulation of the air-filled waveguide, a standard W-band guide with a metal thickness of 40 
gm and slot width of 100 gm was used. In the 
SIW, a slot width of 40 pm and metal thickness of 6 gm 
were used respectively. 
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The resonant conductance of a slot embedded in the proposed waveguide is larger and 
increases rapidly with small offsets. This restricts design in an array of radiating slots to 
extremely small offsets (<40 Vm), and is due to the fact that an impedance match needs to be 
synthesised between the collective self-admittance of the slots and the feed waveguide. As the 
useable slot displacements tend to be small, the accuracy of the curve-fit process is adjusted 
to suit the conductance trend in that region. From the curve fit process, the equations defining 
the resonant conductance (5.2), and resonant length (5.3) in relation to their slot offset can be 
shown to be: 
RX 
g(x) = 43.29sin( 
a (5.2) 
v(x)= 2.63x I OY +0.559 (5.3) 
Using the waveguide slot array design method defined in [88], equations (5-2) and (5.3) are 
then solved simultaneously to obtain the required slot lengths (1, ) and the slot offsets (x,, ). The 
equations are solved to synthesise a1221 ratio of slot voltage distribution while maintaining 
an impedance match between the slots and the propagating wave. The antenna layout and 
dimensions are shown in Fig. 5.12. 
Length, /, (pm) Offset, x,, (pm) Slot width, w (pm) 
Slot 1,4 572.4 ±13.54 40 
Slot 2,3 588.0 ±27.62 40 
Figure 5.12 94 GHz 4-slot array antenna layout and dimensions 
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waveguide sidewalls and 
short-circuit termination 
In a resonant slot array, the radiating slots are placed half a guide wavelength (. ý, 12) apart. The 
slots are fed at 180' out of phase, and are staggered on alternate sides of the guide centreline. 
This configuration results in all the slots being fed in-phase. 
Although this idea was initially developed to suit the characteristics of air-filled waveguides 
(where k, >4), it is useful in the design of dielectric filled waveguides as well, allowing more 
slots to be incorporated for a given antenna footprint. The designed model is simulated in 
HFSS; in addition to this, 20 gm variations to the design that could arise in the course of 
fabrication are examined. 
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Figure 5.13 Simulated return loss of a 4-slot array 
The simulated responses (Fig. 5.13) indicate a 20 gm shift in the top metal layer for the array 
has less of an impact on the resonant frequency, but a significant impact on the return loss as 
the antenna (-10 dB). The susceptibility of these antennas to process tolerances is in direct 
relation to the self-admittance of the radiating slot, which has a strong dependence on the 
small height of the wavegulde used. 
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Increasing the guide height to approximately, bz a/2, will undoubtedly improve the situation 
(waveguide impedance 215-160 0). This however, is an extremely laborious process as each 
printed layer is only able to achieve a thickness of 10 pm, thus requiring a total of 45 prints. 
An alternative such as reducing the thickness of the printed conductor layer or the width of 
the slot to the minimum realisable dimensions does alleviate the problem, however, the 
contribution made by these changes is minor. The radiation pattern of the 4-slot array has 
better directivity than that of the single resonant slot, as is observed by the simulated 
responses of the respective radiation patterns (Fig. 5.14). 
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Figure 5.14 Simulated E-plane radiation pattern improvement of a 4-slot array 
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5.3 Patch Antenna 
5.3.1 Patch Antenna Design 
The other antenna investigated for use in the intended integrated receiver circuit is the 
microstrip patch antenna. These antennas can be readily realised using the thick-film 
fabrication process, and lend themselves well to integration with other circuit elements. It also 
has the advantage of being formed entirely on a single layer, making it independent to the 
effects that could arise from layer misalignment. 
The operation of the patch antenna can be related to that of a parallel plate transmission line, 
with an open circuited end. The electromagnetic wave travelling along this transmission line 
is reflected upon reaching the open circuit and a fraction of the reflected energy is radiated. 
Herein lie the disadvantages of the patch antenna. It is evident that the patch behaves like a 
resonator, making it narrow band and inefficient as a radiator. Using an array of patches, or a 
thicker substrate (i. e. while ensuring substrate modes are not excited) can increase the 
radiation efficiency. 
AW band 2x2 patch antenna array is designed and tested. Using the static equations 
presented in [89], a single patch with an inset-feed line is designed. The inset-feed is used to 
ensure an impedance match between the microstrip feed line and the radiating patch. The 
design equations take into account the effects of fringing on each end of the patch. 
Patch 
Micros 
Figure 5.15 Patch Antenna 
t 
III 
Substrate, c, Ground 
The calculated dimensions of the initial patch are optimised in BFSS, so as to ensure 
resonance at 94 GHz. The length of the patch (0 dictates the frequency of resonance, this 
along with the distance of the inset feed (x) which assures an impedance match are both 
adjusted to achieve a good return loss at 94 GHz. The height of the dielectric substrate is 
taken to be 60 pm and the material used is assumed to have a permittivity of 8. The width (w) 
of the patch is left unchanged during the optimisation process as the impedance match 
between the patch and the microstrip feed had already been optimised by means of the inset 
feed. The optimised model is simulated in BFSS and the result (Fig. 5.16) indicates a good 
response at 94 GHz. 
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Figure 5.16 Modelled single patch return loss 
Calculated (mm) Optimised (nun) 
Width, w 0.7517 0.7517 
Length, 1 0.551 0.543 
Inset, x 0.212 0.198 
Table 5.2 Patch antenna dimensions 
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5.3.2 Corporate Feed Network 
The feed network is designed to ensure that all the patches in the array are fed in-phase, while 
maintaining an impedance match so as to ensure maximum power transfer and avoid 
reflections across the network. The physical layout of the feed network is limited by the need 
to keep the distance between patches to less than XO/2, and the microstrip feed lines are kept a 
sufficient distance away from the radiating patches to prevent unwanted coupling. The feed 
network was designed and optimised using ADS and the return loss of the optimised feed 
network is shown in Fig. 5.17. During the optimisation process each port of the feed network 
was terminated with a 50 K2 load, which emulated the presence of a radiating patch and 
allowed the matching network to be synthesised. ADS was chosen for this purpose as the 
optimiser within the package could be programmed to give the best impedance match while 
observing the limitations of the physical layout. However, the modelling and optimisation 
performed by ADS is done based on a static model of microstrip lines. This model does not 
accurately take into account the physical effects of the propagating electromagnetic wave. It 
would have been desirable to perform further optimisation on the feed network using a full- 
wave 3D solution. However, time constraints during the period of mask submission did not 
allow for this. In the past, the full-wave solver has been shown to provide accurate solutions, 
however, simulating large open structures demands a significant amount of computing 
resources be made available. 
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Figure 5.17 Feed network return loss 
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The designed network is formed with a series of T-junctions, quarter-wave impedance 
matching sections and curved microstrip lines so as to ensure the physical layout limitations 
are met. The static model designed in ADS provided an extremely good broadband 
performance, as is shown by the return loss performance in Fig. 5.17. This model is integrated 
with the patch antenna designed and optimised in the earlier section (Fig. 5.18). 
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Figure 5.18 2x2 patch antenna layout 
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5.3.3 Measured Results 
An LRRM calibration was performed so as to measure the return loss of the patch antenna 
amay. The shift in the resonant frequency in the measured response is attributed to shrinkage 
experienced by the conductor layer during processing. This reduces the size of the patch, 
increasing its frequency of resonance. Shrinkage was not accounted for in the design of the 
feed network or the patch antenna. The amount of shrinkage experienced can be measured 
and incorporated into future designs, allowing the synthesis of more predictable antennas. 
A simulated model, in which the amount of shrinkage experienced by the patch is accounted 
for (8.8%), is shown to be in acceptable agreement with the return loss measurement shown in 
Fig 5.19, where the resonant frequency is seen to be at 10 1 GHz (design 94 GHZ). It can be 
seen that the agreement between simulated and measured responses is not as good as that 
achieved for the waveguide components (neglecting layer misalignment) presented in earlier 
chapters. This is indicative of the complexity involved in the modelling of open-structures 
(e. g. microstrip line, CPWs) at millimeter-wavelengths. Also, it has been shown that the 
shrinkage experienced by microstrip lines varies (12 - 18%), depending on its dimensions. 
This affects the impedance matching sections incorporated into the array network, which are 
all comprised of lines of different dimensions. 
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Figure 5.19 Patch antenna return loss measurement 
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Figure 5.20 Patch antenna E-plane radiation pattern measurement 
The setup used to measure the radiation pattern of the slot antennas is used here to measure 
the radiation characteristics of the patch antenna. An added difficulty was experienced in 
probing the response of the patch antenna was due to the awkward layout of the patch antenna 
and the microstrip feed line. The microstrip feed of the patch antenna required that the probe 
fixture be positioned such that it obstructed the radiation path of the source module. This 
unavoidable impediment worsened the already delicate nature of the improvised setup. The 
setup is also believed to have caused a considerable amount of radiated wave (from the source 
module) to be reflected around the measurement area resulting in the irregular nature of the 
measured pattern. 
4 
Figure 5.21 Fabricated patch antenna array 
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5.4 Conclusion 
The design of two different types of antenna has been presented. The measurements shown 
indicate the feasibility of using these configurations with the given fabrication technique for 
operation in the millimeter-wave range. 
The waveguide slot antennas have the advantage of utilising waveguide transmission lines 
that provide complete isolation of the electromagnetic wave. This is highly advantageous 
when a high circuit packing density is desired, in addition these antennas can be integrated 
with components already developed. The characteristics of the waveguide can also be 
predicted accurately, which is useful when considering integrated circuit design. However, 
due to the unavoidable problem of top layer misalignment, on which the slot resides, use of 
these antennas, if at all intended, has to be limited to much lower frequencies, or much thicker 
waveguides need to be employed. This was confirmed by the return loss measurements 
presented on single slots with differing offsets. The use of horn antennas was also considered 
at the initial stages of this project. The design of these are fairly straightforward, and layout 
less susceptible to the effects of layer misalignment. However, the extremely low impedance 
of these waveguides makes the synthesis of matching networks impracticable. 
The 2x2 patch array presented demonstrated encouraging results, despite known limitations 
of microstrip transmission lines in the millimeter-wave range. The modelling of these 
antennas, however, tends to place greater demand on computing resources. The demand on 
resources also limits the level of accuracy that can be offered to the modelling process. In 
addition, depending on the thickness of the dielectric layer, and permittivity of material used, 
the design of the matching network can obstruct limitations on positioning of individual patch 
elements 
The simulated results of both antennas indicate that the patch antenna has greater radiation 
efficiency (single patch 74%) than the resonant slot antenna (single resonant slot, 46%). The 
resonant array designed does not result in a significant improvement (4 slot array, 58%). This, 
and the fact that the patch is formed entirely on a single layer, makes it less susceptible to the 
effects of layer misalignment, and a more attractive option for the given process. 
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Chapter 6 
Future Directions 
6.1 Summary 
The main objective of this work was to demonstrate that an uncomplicated, economical 
fabrication technique could be adopted for the development of millimeter-wave integrated 
circuits. Millimeter-wave systems have much potential for use in areas such as climatic 
remote sensing, passive imaging, automotive radars, and wireless communication networks. 
One of the limiting factors for further development of such systems has been the dependence 
on costly MMIC fabrication processes. The thick-film fabrication process does not have the 
high overhead and tooling costs associated with the MMIC fabrication process. However, the 
disadvantage of thick-film processing has been its inability to define fine lines and maintain 
the dimensional tolerances required for circuit operation at millimeter wavelengths. This has 
been overcome by using photoiniageable dielectric and conductor materials, allowing the 
definition of lines as small as 20 pm. 
Another area of concern in the development of millimeter-wave integrated circuit modules is 
the type of interconnects used. Losses of conventional microstrip and CPW lines tend to be 
high at millimeter wavelengths, unless some novel method of micromachining is adopted to 
alter the basic form of the structure. All the methods previously examined demonstrated that 
although low-losses were achievable, the complexity of the fabrication process often did not 
permit large-scale production. The SIW has been proposed as the candidate with the most 
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potential for use in the millimeter-wavc regime. It can be fabricated using the thick-film 
process, a process that has been used in industry for several decades. 
6.2 Contributions 
The main contributions of this thesis are broken down into 4 areas: 
6.2.1 Fabrication Process 
The photoimageable thick-film fabrication process has been established, with the process 
requirements and limitations defmed. A pre-fire drying stage was added so as to address the 
problem of cracking in the dielectric layer. It has been deduced that this step was necessary, 
so as to ensure the dielectric was completely dried prior to firing. Traces of solvent that 
remained in the developed film contributed to the cracking. Limits on the fabrication process 
such as the smallest allowable gap size and line width have been defined. These values were 
arrived upon by examining the results of a set of the reference lines fabricated. The 
importance of accurate mask alignment in the multi-layer process and how it has been 
achieved has also been highlighted. 
6.2.2 Substrate Integrated Waveguides 
SIWs have been designed and fabricated to cover operation from 50 - 220 GHz. A suitable 
microstrip to waveguide transition has also been designed, with an impedance matching 
section so as to alleviate the problem of impedance mismatch between the waveguide and 
microstrip section. 'Me loss associated with the transition was found to be 0.27 dB and 0.49 
dB per transition for V and W bands respectively. TRL measurements were performed on the 
fabricated waveguide standards; these demonstrated excellent results for the V and W band 
waveguides, with attenuation of 0.17 dB/mm and 0.29 dB/mm- The D and G band 
waveguides demonstrated higher attenuation (0.8 dB/mm and 1.05 dB/mm). 
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6.2.3 Waveguide Filters 
To demonstrate the potential of the proposed dielectric filled waveguide, resonant cavity 
filters were designed and fabricated. These filters were designed to operate at frequencies of 
60,77,94,150, and 180 GHz. The advantage of using asymmetrical offsets for the inductive 
irises with the given fabrication process has been described. The modelling of each offset in 
IHFSS has proved to be extremely accurate. This has been demonstrated by the agreement 
seen between simulated and measured filter responses, and the low power dissipation 
experienced by each filter. The 180 GHz filter is believed to be the highest ever reported 
frequency for a component fabricated using the thick-film process. The overall performance 
of many of these filters was either comparable or superior to those realised using more 
complex fabrication techniques. 
6.2.4 Antennas 
Two different types of antennas have been designed and fabricated using the thick-film 
process. Antennas are important components, in order to successfully demonstrate that this 
technology can be used to form complete MIC modules. The first antenna examined was the 
resonant slot waveguide antenna. This configuration is a natural extension of the work done 
on dielectric filled waveguides, its operation has been studied extensively, and modelling can 
be accomplished readily in HFSS. However, its extreme dependence on slot offset from the 
waveguide centreline makes it susceptible to the limitations of the fabrication process. This 
dependence was demonstrated by the measurements taken of slots fabricated with ±10 pm, 
and ±20 pm offsets from their resonant position. This problem can be curtailed by using 
waveguides of greater height; this is in relation to increasing the characteristic impedance of 
the waveguide. However, due to the constraints of the fabrication process, the forming of 
more layers is a tedious process and deemed impractical. 
The other antenna investigated is the patch antenna. A2x2 patch antenna was designed with 
a series of impedance matching sections, so as to ensure the corporate feed network was 
matched to all the patches. A simulated response of the static model showed a return loss in 
excess of 30 dB at the center frequency. The performance of the measured response was not 
in good agreement with simulated predictions due to the shrinkage experienced by the 
conductors. Additionally, the amount of shrinkage experienced is known to be dependant 
feature size, directly affecting the impedance matching network. 
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6.3 Future Work 
The fimctionality of the SfW has been demonstrated. Alterations can be made to the 
fabrication process to improve the performance of these waveguides. Firstly, the use of 
materials with a lower loss tangent would improve the loss performance of the guides and 
waveguide components fabricated. HeraeusO manufactures screen-printable materials (KQ), 
and the dielectric (KQ 125,150) is reported to have a lower tan 8, than the HD 1000 used. KQ 
dielectrics can be used to improve the loss performance of the waveguides. 
In addition to this, the printing of thicker layers should be experimented with. The 
recommended print thickness (by the respective manufacturer) is defined so as to ensure that 
additives in the material are able to 'escape' during the burn out stage. If the print thickness is 
too large, then the additives would not be able to move to the upper-most surface and allowed 
to be burnt out. When this occurs, the fired material does not attain the desired electrical 
characteristics. It is recommended that thicker layers are printed, and longer firing profiles 
should be experimented with, to overcome this issue. The use of thicker layers will inevitably 
result in lower loss waveguides, as ohmic losses in the broadwalls of the waveguide will be 
reduced. 
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Figure 6.1 Waveguide conductor attenuation in relation to guide height 
121 
In determining the characteristics (attenuation constant, phase constant) of the waveguide, it 
is recognised that the TRL process used is frequency dependent. The TRL process works on 
the basis of approximating the propagation constant by the forming of 'line pairs'. The 
approximated value is compared with measurements taken with the line pairs, if there are 
more line pairs available for use, the approximation process can be performed with greater 
accuracy. This is especially important since the measurement bandwidth of the waveguides is 
relatively large (25 - 80 GHz). Hence, future work should include more than three calibration 
standards, especially when calibrating over large bandwidths (>25 GRz). 
Improvements can also be achieved in the area of filter design. It was subsequently realised 
that the coupled-cavity topology used in the initial design suffered from inter-cavity coupling. 
Although the desired frequency response could be achieved, the inter-cavity coupling resulted 
in a shift of one of the filter's poles (hence, only 3-poles visible), in addition, attenuation was 
increased and a widening of the filter's passband was experienced. In an effort to reduce the 
inter-cavity coupling, a new configuration is proposed (Fig. 6.2). The layout appears similar 
to that of the original filter, however, the positioning of the cavities now provides better 
isolation between adjacent cavity sections. The simulated response of this filter (Fig. 6.3) 
shows a passband insertion loss of 2.29 dB, and a bandwidth of 6.1%, which is a significant 
improvement over the original filter (I. L. 3.3 2 dB, and B. W. 7.1 %). In addition, the filter has 
a minimum return loss of 20 dB. 
Inductive irises 
Port I 
Port 2 
Resonant cavities 
Figure 6.2 Proposed waveguide filter design 
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The construction of basic waveguide components has already been demonstrated; virtually 
any conventional rectangular waveguide component can be fabricated using the given 
process. However, difficulties in testing are encountered when components with more that 2- 
ports are designed. In the course of this work a waveguide coupler was designed and 
fabricated, the intention was to demonstrate its operability by using it as a component in a 
phase-shifter (Fig. 6.4). This would have allowed us to demonstrate the operation of a 4-port 
device, just by probing 2 of its ports. The testing of the device could not be successfully 
realised due to a lack of suitable diodes that were required to construct the phase-shifter. 
Diode bias Via to ground 
Waveguide coupler 
DC block capacitors Diode 
Figure 6.4 Waveguide phase shifter 
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The fabrication and testing of other waveguide components, especially multi-port devices 
such as waveguide couplers and power dividers will further demonstrate the usefulness of this 
technique. Testing of multi-port devices poses a problem, as the on-wafer measurement setup 
is only capable of 2-port measurements. It is recommended that the use of resistive pastes be 
employed to terminate multi-port components, this will enable single-port or dual-port 
measurements to be used to determine the characteristics of the multi-port device. HeraeusO 
and DuPontO manufacture screen-printable resistive pastes that can be used in this process. 
Having recognised the limitations of the process in relation to fabricating antennas, a 
combination of both the configurations is recommended (Fig. 6-5). The resonant waveguide 
slot antenna is susceptible to misalignment of the upper metal layer, and cannot be practically 
fabricated. The patch antenna requires a large feed network, and in being an open structure is 
difficult to model accurately. Furthermore, space restrictions on the layout of the feed 
network make the design process tedious. It is recommended that the rectangular waveguide 
be used to form the feed network on a lower layer, and patches be employed as the radiating 
element. Patch radiators can be designed to operate at the chosen resonant frequency by 
making an allowance for shrinkage in the initial design. 
Top layer patch 
)atch 
Figure 6.5 Waveguide fed patch array 
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Feedport, or waveguiaejeea 
integrate with 
receiver circuitry. 
once antennas can be designed to operate successfully with the given process, we can embark 
on constructing practical transceiver modules. Such a module would ideally incorporate an 
amplifier and a mixer stage. In addition to antennas and filter operations, off-chip functions 
such as biasing networks can be realised using the thick-film process. A system operating at 
77 GHz, used for automotive radars, has great interest in the industrial environment and 
would be ideal as a demonstrator (Fig. 6.6). These recommendations conclude the work 
presented in this thesis. 
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Figure 6.6 Transceiver block diagram 
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Appendices 
Appendix A- Component Dimensions 
Appendix A is made up of three sections and presents the layouts of all the components used 
in this thesis. The first section, Al, presents the dimensions of the waveguide and microstrip, 
transitions used for the V, W, D and G band components. The second section, A2, presents 
the dimensions of the 60,77,94,150 and 180 GHz waveguide cavity filters (0.0 1 dB and 0.1 
dB). The third section, A3, presents the dimensions of the 60 and 94 GHz resonant slot 
antennas. 
Appendix B- Waveguide Measurements 
Appendix B presents the measurements taken of the TRL calibration lines for the V, W, D 
and G band waveguide components. These consist of measurements taken of the 'Thru', 
'Reflect' and 'Line' standards respectively. In addition, the lengths of the respective 
calibration standards are presented. Analyses of these measurements are presented in chapter 
3. 
Appendix C- Chebyshev Prototype Element Values 
Appendix C presents the equations used in deriving the Chebyshev prototype element values 
[701. These values are used in the design of bandpass filters described in chapter 4. 
Appendix D -Filter Responses (0.1 dB Ripple) 
Appendix D presents the measurements taken of the 0.1 dB ripple filters. The measurements 
are compared with simulated predictions of the filter's performance and complement the 0.01 
dB filter responses shown in chapter 4. 
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Appendix A- Component Dimensions 
Al - Waveguide and Microstrip Dimensions 
WO 
:ý 
wi T W., 
10 11 
Waveguide 12 
[] 
- Top-layer metalised pattern 
Ej - 
Via to ground / Waveguide sidewalls 
Figure AM Waveguide and microstrip transition layout 
100, um 
Band Unit Designed (mm) Fabricated (mm) 
Waveguide (a x b) 1.34 x 0.06 1.35 x 0.06 
v Section 2 (W2112) 0.32 / 0.4701 0.28/0.451 
Section I (wyld 0.125 / 0.4997 0.108 / 0.480 
Microstripfeed(wofid 0.08/1 0.067/0.96 
Waveguide (a x b) 0.898 x 0.06 0.89 x 0.06 
w Section 2(wyII2) 0.215 / 0.3209 0.189 0.308 
Section l(willd 0.111 / 0.3355 0.947 0.322 
Mlcrostripfeed(WoI14) 0.08/0.619 0.067 /0.594 
Waveguide (a x b) 0.6 x 0.06 0.6 x 0.06 
D Section 20242) 0.16 / 0.1969 0.138/0.189 
Section I (willd 0.095 / 0.2047 0.082 0.197 
Mlcrostripfeed(wofld 0.08/0.4 0.067 0.384 
Wavegulde (a x b) 0.46 x 0.06 0.46 x 0.06 
G Section 2(wyld 0.105 / 0.1677 0.903 / 0.161 
Section I (wy7d 0.09 / 0.1694 0.077 / 0.163 
Microstripfeed(wofid 0.08/0.4 0.067 / 0.384 
Table AM Waveguide and microstrip transition dimensions 
II,... 
% 
100. UM 
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100, um 
Appendix A- Component Dimensions 
At - Waveguide and Microstrip Dimensions 
Waveguide 12 
1: 1 
- Top-layer metalised pattern 
r. ---q L. J - Via to ground / Waveguide sidewalls 
Figure ALI Waveguide and microstrip transition layout 
/00, um 
/00, um 
Band Unit Designed (mm) Fabricated (mm) 
Waveguide (a x h) 1.34 x 0.06 1.35 x 0.06 
v Section 2 (w2,11, ) 0.32 / 0.4701 0.28/0.451 
Section l(willd 0.125 / 0.4997 0.108 / 0.480 
Microstripfeed(w(ll() 0.08/1 0.067/0.96 
Waveguide (a x b) 0.898 x 0.06 0.89 x 0.06 
w Section 2(w2,112) 0.215 / 0.3209 0.189 / 0.308 
, Section /(w//Id 0.111 / 0.3355 0.947 / 0.322 
Microstripfeed(willtd 0.08/0.619 0.067 / 0.594 
Waveguide (a x b) 0.6 x 0.06 0.6 x 0.06 
D Section 2(w,, 112) 0.16 / 0.1968 0.138 / 0.189 
Section I (w//Id 0.095 / 0.2047 0.082 / 0.197 
Microstripfeed(w(ll, ) 0.08/0.4 0.067 / 0.384 
Waveguide (a x b) 0.46 x 0.06 0.46 x 0.06 
G Section 2(w2,112) 0.105 / 0.1677 0.903 / 0.161 
Section l(willd 0.09 / 0.1694 0.077 / 0.163 
Microstripfeed(w(lltd 0.08/0.4 0.067 / 0.384 
Table AIA Waveguide and microstrip transition dimensions 
1F 
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/00, um 
A2 - Waveguide Filter Dimensions 
14 
.......... jd5 
dl ti2 
ýd3 
d4 
a 
Waveguide internal dimensions 
Via to ground Waveguide sidewalls 
Figure A2.1 Waveguide filter layout 
Frequency Section 0 1 2 3 4 5 
60 GHz (a= 1.34mm) d, (mm) 0.833 0.641 0.597 0.641 0.833 
/1, (MM) 1.350 0.965 1.079 1.079 0.965 - 
77 GHz (a=0.898mm) d,, (mm) - 0.636 0.506 0.472 0.506 0.636 
I,, (MM) 0.900 0.842 0.954 0.954 0.842 - 
94 GHz (a=0.898mm) d, (mm) 0.536 0.410 0.382 0.410 0.536 
I,, (MM) 0.900 0.600 0.669 0.669 0.600 - 
150 GHz (a= 0.6mm) d, (mm) - 0.340 0.259 0.243 0.259 0.340 
I,, (MM) 0.550 0.365 0.406 0.406 0.365 - 
180 GHz (a=0.46mm) d, (mm) - 0.277 0.212 0.197 0.212 0.277 
1" (mm) 0.700 0.311 0.347 0.347 0.311 - 
Table A2.1 Resonant cavity filter dimensions (0.01 dR filters) 
Frequency Section 0 1 2 3 4 5 
60 GHz (a=]. 34mm) d,, (mm) 0.783 0.602 0.571 0.602 0.783 
I. (MM) 1.350 1.006 1.099 1.099 1.006 - 
77 GHz (a=0.898mm) d,, (mm) 0.598 0.476 0.452 0.476 0.598 
I,, (MM) 0.900 0.886 0.978 0.978 0.886 - 
94 GHz WO. 898mm) d, (mm) - 0.506 0.385 0.366 0.385 0.506 
/,, (mm) 0.900 0.624 0.681 0.681 0.624 - 
150 GHz W 0.6mm) d, (mm) 0.320 0.244 0.232 0.244 0.320 
I,, (MM) 0.550 0.379 0.413 0.413 0.379 - 
180 GHz W 0.46mm) d,, (mm) 0.261 0.199 0.188 0.199 0.261 
I,, (MM) 0.700 0.324 0.353 0.353 0.324 - 
Table A2.2 Resonant cavity filter dimensions (0.1 dB filters) 
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A3 - Single Resonant Slot Antenna Dimensions 
3A, 14 
Waveg uide cen tre line 
..... ............ ....... 
...... ...... 
. .... ..... w 
Short-circuit termination and 
waveguide sidewalls 
Figure A3.1 Single-slot antenna layout 
Frequency a (mm) Xn(MM) 1, (mm) w (mm) 
60 GHz 1.340 0.130 1.220 0.040 
94 GHz 0.898 0.050 0.688 0.040 
Table A3.1 Single-slot antenna dimensions 
137 
Appendix B- Waveguide measurements 
BI. -I V Band Calibration Measurements 
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Figure 131.1 V band TRL measurements of line standards (a) S219 (b) S, I 
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75.0 
Figure B1.2 V band TRL measurement of reflect standard, S11 
Standard 
(VBand, a=1.35 mm, b=0.06 mm) 
Frequency 
(GHz) 
Length 
(mm) 
Thru na 2.7 
Reflect na 1.35 - 0.4 - 1.35 
), g/4 at start frequency 50 3.5625 
Xg/4 at mid frequency 62.5 3.2466 
Xg/4 at end frequency 75 3.1154 
Table B1.1 V band TRL guide dimensions 
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Bl-2 V Band Guide Characteristics 
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Figure BIA Normalised phase constant, measured and calculated V band waveguide 
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B2-1 W Band Calibration Measurements 
0.10 
0.05 
o. oo 
-0.05 
-0.10 
"0 
-0.15 
-0.20 - 
-0.25 
-0.30 
-0.35 
-0.40 
75 
0 
-20 
Co 
10 - -30 
Line 3- XW4 at start frequency 
Line 2- XW4 at mid frequency 
. 
Line I- XW4 at end frequency 
-10 
u -40 x 
-50 
-60 
-70 4- 
75 80 85 90 95 
Frequency (GHz) 
(b) 
100 105 110 
Figure B2.1 W band TRIL measurements of line standards (a) S219 (b) SI, 
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110.0 GH2 
Figure B2.2 W band TRL measurement of reflect standard, Sl I 
Standard 
(W Band, a=O. 898 mm, b=O. 06 mm) 
Frequency 
(GHz) 
Length 
(MM) 
Thru na 1.8 
Reflect na 0.9 - 0.4 - 0.9 
), g/4 at start ftequency 70 2.3725 
Xg/4 at mid ftequency 92.5 2.172 
Xg/4 at end ftequency 110 2.0855 
Table B2.1 W band TRL guide dimensions 
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B2-2 W Band Guide Characteristics 
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Figure B2.3 W band measured attenuation, 60 pm and 30 pm 
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Figure B2.4 Normalised phase constant, measured and calculated W band waveguide 
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B3-1 D Band Calibration Measurements 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0- 
-0.1 
-0.2 
-0.3 
-0.4 
140 
20 
10 
0 
-10 
-20 
-30 
-40 - 
-50 - 
-60 - 
-70 -- 
I 
Thru 
Line 3- W4 at end frequency 
. 
Line 2- W4 at mid frequency 
Line I- Xg/4'at start frequency 
144 148 151 155 159 163 166 170 
Frequency (GHz) 
(a) 
Lower cutofffrequency of 
millimeter-wave extender 
modules 
146 
40 144 148 151 155 159 163 166 170 
Frequency (GHz) 
(b) 
Figure B3.1 D Band TRL measurements of line standards (a) S219 (b) S, I 
Figure B3.2 D band TRL measurement of reflect standard, S, I 
Standard 
(D Band, a=O. 6 mm, b=O. 06 mm) 
Frequency 
(GHz) 
Length 
(MM) 
Thru. na 1.1 
Reflect na 0.55 - 0.4 - 0.55 
Xg/4 at start frequency 110 GHz 1.5029 
Xg/4 at mid frequency 150 GHz 1.3437 
), g/4 at end frequency 170 GHz 1.2823 
Table B3.1 D band TRL guide dimensions 
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B3-2 D Band Guide Characteristics 
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Figure B3.5 D band waveguide impedance 
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B4-1 G Band Calibration Measurements 
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Figure B4.1 G band TRL measurements of line standards (a) S21, (b) SI, 
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Figure B4.2 G band TRL measurement of reflect standard, S11 
Standard 
(G Band, a=O. 46 mm, b=O. 06 mm) 
Frequency 
(GHz) 
Length 
(MM) 
Thru na 1.4 
Reflect na 0.7 - 0.4 - 0.7 
), g/4 at start frequency 140 1.7337 
kg/4 at mid frequency 180 1.5917 
Xg/4 at end frequency 220 1.5414 
Table B4.1 G band TRL guide dimensions 
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B4-2 G Band Guide Characteristics 
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Figure B4.4 Normalised phase constant, measured and calculated G band waveguide 
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Figure B4.5 G band waveguide impedance 
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Appendix C- Chebyshev Prototype Element Values 
Order of filter: n 
Passband ripple (cIB): LAR 
Obtain Chebyshev prototype element values 
,6 =In coth( 
LAR ) 
17.37) 
j6 sin(2n) 
ak= sin( 2n 
bk = V2 + sin 
k; r 
2 (n) 
go =1 
9k = 
4ak-lak for k=lKn+l 
bk-lgk-I 
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Appendix D -Filter Responses (0.1 dB) 
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Figure D1.1 Four-pole 0.1 dB ripple 60 GHz filter (a) magnitude, and (b) phase response 17 
17 Dielectric nominal permittivity of 7.88, tan 8 =0.004, silver conductivity of 4.9 x 107 S/M 
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Figure D1.2 Four-pole 0.1 dB ripple 77 GHz filter (a) magnitude, and (b) phase response' 8 
18 Dielectric nominal permittivity of 7.88, tan 6 =0.0044, silver conductivity of 3.7 x 107 S/M 
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Figure 131.3 Four-pole 0.1 dB ripple 94 GHz filter (a) magnitude, and (b) phase response" 
Dielectric nominal permittivity of 7.88, tan 5 =0.0046, silver conductivity of 3.7 x 10' S/M 
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Figure DIA Four-pole 0.1 dB ripple 150 GHz filter (a) magnitude, and (b) phase response 20 
Dielectric nominal permittivity of 7.88, tan 8 =0.0048, silver conductivity of 2.7 x 107 S/M 
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Figure D1.5 Four-pole 0.1 dB ripple 180 GHz filter (a) magnitude, and (b) phase response 21 
" Dielectric nominal permittivity of 7.88, tan 6 -0.0052, silver conductivity of 2.7 x 107 S/M 
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